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Detonation of an explosive charge, such as a mine or an improvised explosive 
device (IED) at the ground surface or buried at shallow depth in soil, can produce high 
airblast pressures and significant dynamic soil debris loads on an overlying or nearby 
structure, such as a vehicle passing over the explosive. The blast loading environment is a 
function of many factors including the explosive type, configuration, mass, and depth of 
burial, soil characteristics, and the distance between the ground surface and the structure 
or object. During the past several years, the US Army has focused considerable attention 
on developing improved methods for predicting this environment, particularly for use by 
vehicle/armor analysts, thereby, improving the survivability of these platforms.  
Research is needed to better understand the aboveground environment created by 
the detonation of a shallow-buried explosive in order to design adequate protective 
measures for an aboveground structure. Unfortunately, there is no accurate methodology 
for predicting these airblast and soil debris loads to support the designs. Development of 
 
the required prediction tools is hampered by lack of well controlled and documented 
experimental results for these complex loads. Without detailed experimental data, the 
numerical simulations of these loads cannot be adequately validated for the large 
deformation, stress, and motion gradients and the resulting interactions with structures.   
The focus of this research is to quantify the influence of soil properties on the 
aboveground environment from the detonation of a bare explosive charge resting on the 
soil surface or shallow-buried. In order to fully quantify the influence of soil parameters, 
well-controlled experiments were designed to directly measure soil debris and airblast 
loadings on an aboveground reaction structure due to the detonation of explosives at the 
surface of and shallow buried in three very different soils. The experiments were 
performed using specifications and strict quality controls that limited the influence of 
outside variables and ensured the experiments were repeatable. The experiments provided 
blast pressure, soil stress, and impulse data for each soil type. These data were analyzed 
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Detonation of an explosive charge, such as a mine at the ground surface or buried 
at shallow depth in soil, can produce high airblast pressures and significant dynamic soil 
debris loads on an overlying or nearby structure, such as a vehicle passing over the 
explosive. The blast loading environment is a function of many factors including the 
explosive type, configuration, mass, and depth of burial, soil characteristics, and the 
distance between the ground surface and the target structure.  
A buried explosive that detonates and interacts with an aboveground structure 
typically produces complex responses and interactions. The explosive detonation 
produces extreme high-pressure gases that expand to volumes hundreds of times greater 
than the initial volume of the explosive charge in order to reach an equilibrium pressure 
condition. As the detonation gases begin to expand, the confined soil below the explosive 
charge is severely compressed, even to the point that individual soil grains are pulverized. 
Meanwhile, the soil overlying the explosive charge, and to a lesser degree the soil in the 
plane of the charge, is unconfined and accelerates outward, away from the charge center. 
For those cases in which only a thin layer of soil overlies the explosive, the soil directly 
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above the detonation is projected upward with a velocity approximately equal to that of 
the expanding shock front. If a structure is positioned over the detonation point, this high-
velocity soil compresses the air between the original ground surface and the chassis to a 
small fraction of its initial volume. The highly-compressed air loads the chassis, followed 
immediately by the impact of the high-velocity soil, the impact of the expanding 
detonation gas bubble, and the impact of any detonation residues entrained in the 
detonation gases. All of these materials intermix and produce extremely complex 
interfaces and interactions.  
Research is needed to better understand the aboveground environment created by 
the detonation of a shallow-buried explosive. In order to design adequate protective 
measures for an aboveground structure, designers must understand the load environment 
created by these near-surface detonations. Unfortunately, there is no accurate 
methodology for predicting these airblast and soil debris loads to support the designs. 
Development of the required prediction tools is hampered by lack of well-documented 
experimental results for these complex loads. Without detailed experimental data, the 
numerical analytic representations of these loads cannot be adequately validated for the 
large deformation, stress, and motion gradients and the resulting interactions with 
structures.   
The goal of this research was to quantify the influence of soil properties on the 
aboveground environment from the detonation of a bare explosive charge resting on the 
soil surface or shallow-buried. In order to fully quantify the influence of soil parameters, 
well-controlled experiments were designed to directly measure soil debris and airblast 
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loadings on an aboveground reaction structure due to the detonation of explosives at the 
surface of, and shallow buried in, three very different soils. The experiments were 
performed using specifications and strict quality controls that limited the influence of 
outside variables and ensured the experiments were repeatable. The experiments provided 
blast pressure, soil stress, and impulse data for each soil type. These data were analyzed 
to investigate the influence of the different soil properties on the aboveground 
environment. 
 
Purpose and Scope 
The purpose of this dissertation is to document the results of the experimental 
program conducted to quantify the influence of soil properties on the aboveground blast 
environment from the detonation of bare explosive charges located at or near the ground 
surface. Chapter II discusses the current state and background information as it relates to 
a surface and shallow buried charge.  Chapter III presents the design, analysis, and 
fabrication of a vertical impulse measurement device that was used in these experiments. 
Chapter IV discusses the design, layout, and execution of the field experiments conducted 
to quantify the influence of three different soil types on aboveground blast environments. 
Chapter V discusses the material selection, characterization, and recommended 
properties.  Chapter VI presents the results of the detonation experiments, and 
Chapter VII contains comparisons and analysis of the experimental data. A summary of 










It is estimated by the International Committee to Ban Landmines that the number 
of buried landmines worldwide ranges from 60 to 110 million (Cheeseman et al. 2006). 
These buried mines pose a significant risk to people, vehicles, and nearby structures 
around the world. This risk is currently on the rise (Gupta 1999). In order to design for 
and mitigate these threats, research is currently needed to better understand the 
aboveground environment created by the detonation of a shallow-buried explosive. The 
methodology for predicting aboveground airblast and soil debris loads caused by surface-
tangent or shallow-buried detonation of explosives is inaccurate due to the lack of (1)  
experimental data to validate codes, (2)  detailed mechanical property data to quantify the 
behavior of the soil materials in an explosive environment , (3) an understanding of 
varying soil parameters on the aboveground blast effects, and (4) constitutive models in 
numerical codes that adequately model the mechanical behavior of soils to explosive 
shock.  
In order to design adequate protective measures for aboveground vehicles/ 
structures, designers must fully understand the load environment created by these near-
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surface detonations. Numerical codes are currently being developed to model the large 
deformations, stress and motion gradients, and interactions with structures. This research 
program will attempt to eliminate the deficiencies in experimental results, appropriate 
mechanical properties of soils, and understand the effect of varying soil parameters on the 
aboveground blast effects.   
 
Explosion Effects 
The effects of explosives have historically been presented and grouped into broad 
categories such as airblast, ground shock, and cratering. For this discussion, the topics 
will be presented as 
(1) Airblast from aboveground detonations 
(2) Airblast from subsurface detonations 
(3) Ground shock from fully buried detonations (buried source and target) 




Airblast from Aboveground Detonations 
By far the greatest amount of airblast research was conducted for detonations of 
explosives positioned on or above the ground surface. In addition, airblast effects were 
historically grouped according to the position of the explosive charge, i.e., surface 
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tangent (resting on ground surface), low height of burst (HOB), and free air (large HOB 
with little to no interaction with the ground surface). The largest body of airblast research 
was conducted for or to simulate nuclear sources. However, only airblast research related 
to conventional explosives will be considered here. Also, because the explosive source 
considered here is a bare explosive charge, cased explosives will not be considered. 
The most recognized airblast descriptions are those documented by Kingrey and 
Bulmash (1984). This report contains a compilation of data from explosive tests using 
spherical air burst and surface hemispherical charge configurations with charge weights 
ranging from less than 1 kg to over 400,000 kg. The authors and others (Baker 1973) 
used curve-fitting techniques to represent the airblast parameters (peak incident and 
reflected pressure and impulse, positive phase duration, and time of arrival) with 
polynomial equations. This methodology is included the DAHS CWE (Design and 
Analysis of Hardened Structures to Conventional Weapons Effects)  protective design 
manual (Departments of the Army et al. 1998) and is the recommended standard for 
predicting airblast from conventional weapons by the Department of Defense (DOD). 
The DAHS CWE manual also includes representations of overpressure, dynamic 
pressure, and reflected pressure caused by the interaction of the airblast wave on 
structures. The current data were generated for spherical and hemispherical explosive 
charges, and the shock produced by these geometries attenuate at a rate of 1/R 1/3, where 
R is the distance from the center of gravity (CG) of the charge. The charges in this study 
are cylinders with D/T of 5, where D is diameter and T is thickness.  
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Airblast from Subsurface Detonations 
Airblast produced by subsurface detonations is significantly more complex than 
that from surface or free-air explosions. To date, most of the research in airblast due to 
subsurface detonations focused on capturing the airblast produced along the ground 
surface at some horizontal range away from a buried detonation. This research is also 
primarily associated with larger conventional weapons and nuclear research. Until the 
recent increase in use of shallow-buried explosive energy sources and mines, there was 
very little interest in the blast zone above the charge. It is also well known that this blast 
zone above a buried charge is a very difficult location to capture valid airblast data. 
Subsurface detonations produce airblast by two primary mechanisms, i.e., the 
surface spall (Chilton, et al., 1966) caused by the expansion of explosive gases (also 
known as the ground shock-induced airblast), and the venting of the gases into the 
atmosphere (Vortman, 1964). It has been shown that the airblast along the ground surface 
produced by subsurface detonations is influenced primarily by the depth-of-burial (DOB) 
and the composition of the medium that overlies the detonation (Vortman 1970). For very 
shallow depths of burial, the gases produced by the detonation will vent immediately and 
create a single-peaked airblast pulse. As the DOB increases, venting is delayed, and the 
pressure of the vented gases decreases, while the relative airblast caused by surface spall 
(mound growth) increases, creating a double-peaked airblast pulse. When the DOB is 
sufficient to prevent venting, surface spall is the only airblast source, and the airblast 
waveform once again exhibits only one prominent peak.  
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Venting of the gas cavity is greatly influenced by the material properties and 
dynamic behavior of the geologic media that overlie the detonation. A series of 
experiments reported by Sachs and Swift (1955) was conducted in various geologies (dry 
alluvium, dry clay, wet sand, and wet clay). The peak airblast pressures were highest for 
the tests in dry alluvium and progressively lower for the tests in dry clay, wet clay, and 
wet sand. This seemed to indicate that the cohesiveness of the soil, whether due to clay 
constituents or high moisture content, reduces peak surface overpressures from buried 
detonations. 
 
Ground Shock from Fully Buried Detonations 
The current DOD methodology for predicting ground shock was developed for 
direct-induced ground shock from fully coupled weapons, i.e., the weapon is buried deep 
enough so that all of the energy remains in the ground and none of the energy is lost into 
the atmosphere. For this methodology, both the source and the target are below ground 
and usually in the same material. The approach used to develop the ground shock 
prediction methodology was to  (1) conduct well controlled ground shock tests where soil 
backfills were carefully placed to tightly controlled and quantified density and water 
content specifications, and redundant soil stress and particle velocity measurements were 
made versus range, (2) conduct uniaxial strain (UX) and triaxial compression (TXC) 
mechanical property tests on specimens of the soil backfield remolded to the field 
measured density and water content, (3) analyze these mechanical property data to 
determine recommended UX stress-strain, pressure-volume, and stress path relations and 
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a TXC failure relation, (4) fit a constitutive model, e.g., Hybrid-Elastic-Plastic (HEP) 
(Zimmerman et al. 1987), to the recommended properties, (5) implement the model into a 
finite element code, e.g., SABER 1D/CWE (Zimmerman et al. 1992), and simulate the 
experiments, (6) use code to extend the ground shock predictions by using model fits for 
other soil types, and (7) develop a PC-based ground shock prediction code (e.g., FOIL; 
Hacker et al. 1994) as a driver for fast-running structural analysis codes. 
To accomplish this approach, the ground shock environments from eight buried 
explosive tests conducted in five different soil backfill materials were calculated with 
SABER/1D/CWE using constitutive models fit to laboratory-determined stress-strain and 
strength properties. Mechanical property tests were conducted on each of the soil 
backfills to define the UX compressibility and stress path relations and TXC failure 
relations for each of the materials. Compressibility and failure relations for five of these 
materials are compared in Figure 2.1. Constitutive models were fit to the mechanical 
property data and implemented into the SABER 1D code, which was then used to 
simulate the experiments. The SABER-1D/CWE calculation results were compared with 
the ground shock measurements made during the eight field test events (Windham 1996).  
An example of the calculation/experimental measurements is shown in Figure 2.2. 
SABER-1D/CWE was then used to predict ground shock for 20 materials, and a fast-
running PC code (FOIL) was developed by making analytic fits to the SABER-1D/CWE 
results and adding cubed root, Hopkinson scaling for extending to different explosive 
masses. Equivalent explosive factors extended the methodology to other explosive types, 
and DOB coupling effects extended it to shallower depths of burial. Figure 2.3 illustrates 
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the pronounced effect that the type of soil in which an explosive detonation occurs can 
have on the ground shock produced at a specified range from the detonation. The 
waveform differences in timing, intensity, and attenuation are due to differences in the 
dynamic compressibility and strength responses (mechanical properties) of the three 
materials as depicted in Figure 2.1.  
Close to the explosive source, the applied stress jumps along a Raleigh line as 
defined by the slope of a straight line intersecting the stress-strain axis at the origin and 
intersecting the stress-strain curve at the value of current peak stress (Figure 2.4). If this 
loading modulus is defined as ML , the shock propagation velocity is Us = ML/ρ where 
ρ is the mass density of the soil. As stress attenuates with range, the modulus ML 
decreases, and thus the shock velocity decreases. The attenuation rate of peak stress and 
peak particle velocity with range is strongly dependent on the volume of air-filled 
voids (AFV) within the soil matrix, which limits the irreversible volumetric compaction 
behind the wave front. 
Soil shear strength or maximum principal stress difference is a nonlinear function 
of mean normal stress or pressure. Initially, the shear strength of a soil increases with 
increasing mean stress (Mohr-Coulomb behavior) until the mean stress reaches a value 
sufficient to crush out the air voids. The soil has then become fully saturated, causing the 
shear strength envelope to flatten or become independent of mean stress (von Mises 
behavior). Shear strength has a pronounced effect on particle velocity attenuation with 
time. Particle motion in very weak soils (such as the wet clay in Figure 2.3) attenuates 
very slowly. Once put in motion, there is little resistance to flow resulting in large late-
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time displacements. Conversely, the time rate of attenuation of particle motion in granular 
materials with high shear strength (such as the dry sand in Figure 2.3) is much more 
rapid. 
Soil water content has a major influence on stress-strain response, and hence on 
ground shock propagation, particularly if the degree of void saturation is high enough to 
reduce AFV values below about 5%. As water saturation approaches 100% (zero percent 
AFV), the soil stiffens sharply or “locks,” causing pronounced increases in explosion-
produced stresses and accelerations. Geophysical surveys will usually detect a sharp jump 
in the soil seismic velocity (to about 5000 ft/s) at the depth of full saturation. Soil water 
content also has a major influence on shear strength. The shear strength of wet cohesive 
clay materials is usually very low. Well-compacted granular sands are generally not as 
strongly influenced by moisture content as are cohesive soils. However, if sufficient mean 
stress is applied to sands, full saturation will occur, and shear strength will become 










Figure 2.2   Comparison of SABER calculation results with ground shock 












Figure 2.4  Typical compressibility and strength responses for soil backfill materials 
(Windham 1996). 
 
Ground Shock from Shallow-Buried and Surface-Tangent Detonations 
Near-surface detonations in soil will be defined as those that occur at scaled 
depths less than 0.55 m/kg1/3. The ground shock reduction methodology discussed here 
can be used to predict reductions in ground shock caused by shallow depth of burial and 
is essentially the same methodology as those published in previous protective design 
manuals (Crawford et al. 1974; Department of the Army 1986; and Drake et al. 1987). 
However, the methodology is based on very limited, unvalidated test data. The ground 
shock coupling factor Cf is defined as the ratio of the ground shock magnitude from a 
partially buried or shallow-buried explosive (near-surface detonation) to that from a fully 
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contained or deeply buried explosive (fully coupled detonation). The coupling factor 
concept does not indicate a charge size but is simply a reduction factor applied to the 
ground shock magnitudes computed for a fully contained detonation to account for the 
energy lost to the atmosphere from a near-surface detonation. A single coupling factor is 
applicable for both stress and particle velocity. 
Coupling factors are different for detonations in air, soil, and concrete (Figure 
2.5). In general, coupling increases rapidly with scaled depth of burst in strong materials 
such as concrete or rock. Coupling into soils is less rapid. The coupling factor for a 
detonation in air does not vary with explosive position and has a constant value of 0.14. 





Figure 2.5 Coupling factors for air, soil, and concrete.   
 
Cratering 
The DAHS CWE manual defines the crater as a hole in the ground formed by an 
explosion. The crater that is remaining after a buried explosion is referred to as the 
apparent crater and is normally filled with loose debris material that is ejected and falls 
back into the crater hole. This means that the true crater size is hidden by the fall-back 
material. When a charge is buried deep enough that no venting occurs above the surface, 
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there is usually a cavity formed called a camouflet. The size and shape of the crater is 
dependent on key factors such as the mass and type of explosive, depth of burial of the 
explosive charge, and the soil properties of the medium. For a constant charge mass, the 
crater size will increase with an increase in depth of burial up to a point at which 
increasing the depth of burial will begin to reduce the crater size. This is due to the mass 
of soil overburden suppressing crater formation.  
The effects of soil properties on crater size are the least understood. No single soil 
property or combination of properties has been clearly shown to directly relate soil 
characteristics to crater size. Two general trends shown are that sandy soils tend to 
produce a smaller crater size than clay soils, and wet soils will tend to produce larger 
crater than a corresponding burst in a dry soil.  
The detonation of a buried charge causes the soil directly above the charge to 
move upward ahead of expanding gas. This mass of soil moving at high speeds along 
with the airblast pressure creates significant loading on an aboveground target (Bergeron 
and Tremblay 2000). Some research has shown that the properties of the soil, such as 
saturation level and porosity, have an effect on the amount and direction of soil ejecta 
(Tremblay et al. 1998). The soil ejected from a full-size charge has been shown to have 
an initial velocity as high as 1.5 km/s (Bergeron and Gonzalez 2004). Even a relatively 




Aboveground Loading from Shallow-Buried Charges 
A shallow-buried explosive that detonates and interacts with an aboveground 
structure typically produces complex responses and interactions. The explosive 
detonation produces extremely high pressure gases that expand to volumes hundreds of 
times greater than the initial volume of the explosive charge until an equilibrium pressure 
condition is reached. As the detonation gases begin to expand, the confined soil below the 
explosive charge is severely compressed, even to the point that individual soil grains are 
pulverized. Meanwhile, the soil overlying the explosive charge, and to a lesser degree, the 
soil in the plane of the charge, is unconfined and is accelerated outward, away from the 
charge center. For those cases in which only a thin layer of soil overlies the explosive, the 
soil directly above the detonation is projected upward with a velocity approximately 
equal to that of the expanding shock front. If the chassis of a vehicle is positioned over 
the detonation point for instance, this high-velocity soil compresses the air between the 
original ground surface and the chassis to a small fraction of its initial volume. The 
highly-compressed air loads the chassis, followed immediately by the impact of the high-
velocity soil, the impact of the expanding detonation gas bubble, and the impact of any 
detonation residues entrained in the detonation gases. All of these materials intermix and 
produce extremely complex interfaces and interactions.  
Prior to the 1960s, most of the research was purely empirical. Test vehicles were 
parked over mines, the mines were detonated, and the amount of vehicle under-belly 
armor was either increased to ensure survivability or decreased to minimize weight but 
still ensure survivability (Sova 1967). Research as early as 1962 that was performed by 
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Kincheloe (1962) investigated blast effects from buried explosives compared to airblast 
data for a 5-lb TNT charge. From these experiments, Kincheloe concluded that buried 
charges demonstrated greater efficiency in transmitting upward impulse than spherical 
charges detonated in air. Finally, there is some early experimental data by Wenzel and 
Esparza (1972) that showed very little difference in the normal reflected peak pressure 
from a buried pancake charge (buried 2 in. and 4 in. below the ground surface) compared 
to the same charge in air at a scaled distance of 0.3 to 1.0 ft/lb1/3. 
It is known that the different soil characteristics affect this complex load 
environment such as moisture content (Grujicic et al. 2006). At this time, it is unclear 
which soil parameter or parameters have the most significant effect on a shallow-buried 
blast and the resulting load environment above the charge. However, it has been shown 
that the energy released to an aboveground target by a buried mine varies greatly with the 
variations in soil conditions (Hlady 2004). It has also been shown that for a detonation in 
a sandy soil, a large part of the damage to an aboveground target is a result of momentum 
transfer from the sand to the target (Held 2002). It is not clear if the aboveground target is 
first impacted by the soil ejected above the charge or by the detonation products and 
airblast pressure created by the detonation. It is also not clear if the airblast impacting a 
target above is focused by a buried charge. There are good indications that the soil is a 
major contributor to the additional impulse loading created by the buried charge. This 




 A lot of the research to date has been conducted in a dry sand, because it is easier 
to place and is more repeatable than tests conducted in wet, silty clay type soil (Hlady 
2004). Unfortunately, current research presents very little data on the soils’ 
characterization and in-place conditions. In many cases, the soil conditions were based on 
visual approximations. This makes it difficult to find the key mechanical properties for 
soils that affect this aboveground blast environment.  
One trend shown in the literature was the effect of increased moisture. Wenzel and 
Esparza (1972) showed that increasing the moisture content in the soil surrounding a 
shallow-buried charge increased the peak reflective pressure and impulse above the 
charge by a factor of over two. Although the soil type was not clearly identified in the 
literature, the soil was held constant for the experiments and moisture content was 
increased from approximately 7% to 20%. It was also shown that for a constant soil type 
and explosive depth of burial, there is a significant increase in energy transfer to an 
aboveground target with increased soil moisture content. This trend held true for both 
fine-grained and coarse-grained soils in testing by Hlady (2004). It was not clear in either 
of the references cited if soil density was held constant during the tests. This increased 
loading with increased moisture seems to follow a similar pattern as described above for 
the ground shock. However, the mechanical properties associated with this increase are 
unclear. The literature also showed that fine-grained soils such as silts and clays seem to 
create a higher blast energy output on an aboveground target when compared to coarse-




Like ground shock loading, the depth of burial of an explosive plays a significant 
role in the loading on an aboveground target. When the standoff distance above the soil is 
held constant, the energy transferred to an aboveground target increases as the explosive 
depth of burial is increased. However, the increase in overburden thickness eventually 
reaches an optimum depth beyond which additional increases in overburden depth 
actually reduce the energy transfer to the aboveground target. This was explained by 
Hlady (2004) by the fact that the soil overburden is able to absorb a large amount of the 
explosive energy and thus eventually reduces the momentum transfer through the soil.  
Finally, for explosive detonations in air, it is well understood that the standoff 
distance between a target and a detonation is another one of the primary factors in 
determining blast damage from buried charges. As implied above, standoff distance from 
a buried charge had a significant effect on the energy transferred to an aboveground 
structure. However, the typical aboveground scaling laws for standoff do not directly 
apply. One factor is the significant impedance mismatch between soil and air as the 
detonation shock wave travels to the target. A second factor is that part of the loading on 
the target is due to the impact of the soil, which does not attenuate like blast pressure 
(Bergeron and Gonzalez 2004). Hlady (2004) showed a trend for a coarse-grained soil 
(sand) that indicated a 50% increase in standoff provided a 60% reduction in energy 
transferred. However, wet fine-grained materials (clays and silts) offered little reduction 
in energy transferred, because the velocity of the large pieces of ejecta created from this 
material did not decay like the airblast wave. 
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Experimental Techniques and Impulse Measurement Systems 
Several experimental techniques have been utilized in the investigation and 
research of loading conditions developed above a shallow buried charge. One of the 
earliest concepts was to capture the pressure and impulse imparted to a steel plate placed 
above a shallow-buried charge (Wenzel and Esparza 1972). This technique consisted of 
locating cylindrical plugs in holes in a rigid plate and measuring by high-speed video the 
velocity with which the plugs are driven out of the plate. The reflected impulse was 
calculated for the plugs of known mass and front area using I = MV/A. In this method, 
the plug mass and length are adjusted such that the velocity can be small enough that 
little motion occurs during the blast loading, but large enough to measured over a short 
distance. The plugs were located at horizontal locations along the plate in order to 
provide data at various off-axis locations. This method was used in both air and shallow-
buried charge experiments. Under this same experimental program, the research 
attempted to capture the reflected pressures on the exposed surface of the plate above the 
charge using pressure transducers, referred to as pressure bars. Because of the limitations 
of the pressure transducer, the experimental program was limited in the range where the 
pressure bar was capable of measuring pressure. The size and location of the plugs would 
seem to be heavily influenced by local variations in soil contact. 
Measurements of the impulse loading produced above an explosive charge can be 
obtained in a number of ways. The different devices use two fundamental principles in 
their designs. The first type uses the pendulum or mass pendulum concept, and the 
second uses an inertial frame with load cells. Both design principles have their own set of 
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challenges. For the pendulum type of impulse measurement device, a mass moves freely 
with resistance due only to gravity. The devices that use this pendulum concept are 
oriented either vertically or horizontally. For example, the Vertical Impulse Fixture at the 
U.S. Army Research Laboratory (ARL) uses this concept with a single vertical floating 
piston design (Bitting 2001). This device measures the vertical distance traveled by a 
known mass to derive the impulse. An example of the horizontal-oriented pendulum is a 
swing arm that allows the mass pendulum to rotate about a fixed hinge. This concept 
measures the maximum angular displacement of the pendulum arm and uses this 
displacement value to calculate the induced impulse. An example of this concept is the 
Mine-Impulse Pendulum Device developed and used under a cooperative agreement 
between Clemson University and ARL (Grujicic et al. 2006).  
The second design concept for an impulse measurement device is the use of an 
inertial frame. The key feature of the inertial frame system is a floating test section that is 
linked to a support frame. The floating test section is accelerated upward by the blast 
wave of an explosion, and the force due to acceleration is measured by a system of load 
cells. The impulse is calculated from the measured acceleration force, the mass of the 
system, and any resistance from the spring support system. An example of this concept is 
the Scientifically Instrumented Impulse Measurement Apparatus (Snyman and Reinecke 










DESIGN AND FABRICATION OF AN IMPULSE MEASUREMENT DEVICE 
 
Design Considerations 
After reviewing the advantages and disadvantages of the different impulse 
measurement devices currently in use, ERDC designed and fabricated a device based on 
the mass-pendulum principle. The ERDC design has a mass piston assembly that moves 
freely in a vertical direction with minimal resistance other than its own weight and 
gravity. The basic principle of the design was to measure the vertical displacement and 
velocity of a known mass with a known surface area that can then be used to derive 
impulse loads. The piston mass was designed to be displaced vertically by the soil debris 
and airblast loading produced by an underlying explosion. The piston assembly was 
instrumented so that its motion, i.e., velocity time-history and maximum height of travel, 
was measured.  
The impulse loading applied to the Impulse Measurement Device (IMD) during 
the blast events was determined directly from the velocity time-history by using the 
relation 
I = vm  (1) 
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where I is the impulse load, v is the velocity, and m is the mass of the piston assembly. 
Alternatively, the total impulsive load imparted to the piston assembly was calculated by 
assuming conservation of energy without frictional losses, which dictates that the total 
potential energy must equal the initial kinetic energy for the system. The total 
displacement or height obtained by the piston mass was used to calculate the potential 
energy, PE, by   
PE = mgH  (2) 
where m is the mass of the piston assembly, g is gravity, and H is the maximum vertical 
height achieved by the piston. The initial kinetic energy, KE, is given by 
KE = ½ m(vo)2  (3) 
where vo is the maximum upward velocity of the piston assembly. For the case of a short-
duration blast loading, the maximum upward velocity is assumed to occur 
instantaneously, although the acceleration to peak actually requires some 5-20 msec. 
Using this assumption, the potential energy can be set equal to the kinetic energy to 
calculate the initial velocity of the pendulum mass. 
PE = mgH = KE = ½ m(vo)2   (4) 
Eliminating the mass terms and solving for vo, we have 
vo = (2gH)1/2 and I (max) = m(2gH)1/2   (5) 
The goal was to capture both the initial peak velocity and the total displacement 
of the mass piston during the experiments. Several methods were used to capture the 
displacement, including cable extension position transducers (yo-yo gages) that provide a 
displacement time-history, scratch gages to measure total net displacement, and high-
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speed video. High-speed video was also used to capture the initial peak velocity of the 
piston by means of measuring the piston assembly position relative to a graduated 
backdrop. For all cases, acceleration time-histories of the piston assembly were captured 
and used to derive velocity time-histories and approximate displacement time-histories 
throughout the event.  
The IMD was designed with the knowledge that it would need to withstand the 
harsh environment of an explosive charge detonated at close proximity and to be reusable 
with very few maintenance requirements. The general device design was predicated on 
the concept that the loaded end of the piston assembly would be quite close to the 
explosive and would thus be subjected to extremely high airblast pressures and high-
velocity soil ejecta. Meanwhile, it was considered advantageous to place the support 
frame for the piston assembly at the greatest standoff distance possible from the explosive 
device in order to reduce its loading, and consequently, its displacement and the 
likelihood of damage. The device was fabricated at the U.S. Army Engineer Research and 
Development Center (ERDC) and was installed at Fort Polk, LA, for field testing. A 3-D 






Figure 3.1  Three-dimensional view of the IMD. 
 
The IMD consists of several key components that include the primary support 
structure, the free translating vertical impulse measurement piston assembly, and a 
mechanical safety-stop system. All three components were designed for a variety of 
different loading conditions. The explosive charge was assumed to detonate in close 
proximity to the primary loading surface of the impulse system. The IMD design 
considered several different explosive charge sizes and positions, including the possibility 
of a small offset from center, which would create some lateral loading on the system. The 
design of the support structure not only considered the dynamic loading from the blast, 
but also the loading created when bringing the mass to a stop. The design assumed a fully 
restrained boundary condition in all directions except vertical. The mechanical safety-
stop system was designed to allow for free vertical motion as the impulse system moved 
up but would lock and prevent a free-fall of the impulse mass. The support structure and 
impulse system were fully assembled in a controlled environment at ERDC to allow for 
calibration and checkout before the system went to the field. Upon completion of the 
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checkout, the system was disassembled and transported to Fort Polk, LA for final 




















Figure 3.2  Cross section of a typical test layout. 
 
 Support Structure Design 
The support structure for the IMD was designed for two purposes. The primary 
purpose was for support of the piston assembly and the safety-stop system. The 
secondary purpose was to support a series of side-on overpressure gage mounts to capture 
pressure data at the same vertical position as the impulse impact plate. Figure 3.3 shows a 
section view of the support structure with the impulse device and a view of the support 
structure with the gage mounts. The structure is approximately 29-ft long by 5-ft wide at 
the base and stands approximately 9-ft tall above the ground surface. The design and 
fabrication of the support structure was based on the American Institute of Steel 
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Construction – Load and Resistance Factor Design (1994). The structure was constructed 
with various structural steel members, primarily standard wide-flange beams. Moment 
connections were bolted to allow for assembly and disassembly as needed. The structural 
support system was designed to minimize both global movement and vibration of the 
structure when subjected to the blast environment. 
The loading conditions used in the design and analysis of the support structure 
consisted of the blast loading produced during the detonation and the dynamic loading 
produced by the safety-stop catching the impulse mass. The design blast-loading 
environment was based on a 10-lb Composition 4 (C4) explosive charge placed on the 
soil surface. Although the structural design was based on a 10-lb surface charge, the 
charge mass was limited to 5 lb during testing due to limitations in the travel distance in 
the IMD piston assembly. The supporting structure was designed for the maximum 
possible standoff from the blast location in order to reduce the loading on the structure 
and to reduce displacement and vibration of the support system. Based on this standoff 
distance, a simplified design approach was used for the blast loading on the structure. The 
SBEDS and SPAn32 government-owned, single-degree-of-freedom computer codes 
(USACE Protective Design Center 2006 and 2002, respectively) were used to calculate 
the displacement and motion time-histories of the two primary support beams (horizontal 
beams in Figure 3.1). The limiting factor for this design was not structural capacity, but 
the displacement limitations that were established for the support structure. Limiting the 
displacement in the structure to small or moderate values was critical, because large 
displacements could distort the motion of the piston assembly relative to the support 
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structure, thus complicating the analysis of the piston displacement due solely to direct 
loading. In order to monitor the motion of the support structure during testing, 
accelerometers were mounted on the structure, and high-speed video was used. The 
actual motion captured during testing was used to evaluate the global movement of the 
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Figure 3.3  Section view of support structure with impulse device and gage mounts. 
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The second primary loading condition considered in the design of the support 
structure was the downward force produced by the safety-stop catching the free-falling 
piston mass assembly. The safety-stop system was designed to allow for free motion 
upward but would lock as the mass began to fall. The lock system would allow for a 
maximum of 4 in. of free-fall that would produce a dynamic load on the support 
structure. A detailed structural analysis was performed using the structural engineering 
software STAAD.Pro (Research Engineers International 2005). The support structure was 
also designed for repeated loading from the safety-stop so that structural fatigue would 
not occur or would be minimized. As an added precaution, the support structure was 
designed to withstand the failure of the safety-stop system and free-fall of the impulse 
mass without catastrophic structural failure.   
The IMD structure was supported on two large mat foundations. The foundations 
were offset under the columns to maximize the distance from the blast. Several design 
load conditions were considered for the footing design, i.e., the upward loading due to the 
blast load on the structure, the downward loading on the structure during the safety-stop 
of the piston mass, and the coupling of the blast load through the soil. For the blast load 
coupled through the soil, a worst-case scenario was considered using the largest expected 
explosive charge size fully coupled in the soil at a set standoff from the footing. The size 
and mass of the footing were designed to minimize displacement from all three load 
conditions. From the results of the footing analysis, the predicted footing displacement 
was calculated and used as input for the structural model. 
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Design of the Piston Assembly 
The primary components of the free-translating piston assembly consist of (a) 
four 8-ft-long, steel guide shafts, (b) a 13-in.-high, 36-in.-diameter stack of four impact 
plates, (c) a guide support structure with guides and bushings, and (d) a single 8-ft-long 
notched catch shaft located along the centerline. A detailed cross section of the impulse 
system and photographs of the components are shown in Figure 3.4. The total weight of 
the piston assembly is approximately 5,500 lb. The four guide rods extend vertically up 
from the impact plates through the guide support structure. The guide rods are tied 
together at the top of the impulse device with a 1-in.-thick steel plate. The plate was 
designed with a lifting eye on top to allow for lifting and maintenance on the IMD. The 
four guide rods are 4-in.-diameter and made of A1045 steel turned, ground, and polished. 
These rods were turned and polished to minimize friction as they move through the 
guides. The guide support structure contains a set of linear bearing guides and a set of 
guide bushings. The bottom of the guide support housing frame contains the four linear 
bearing cylinders. These cylinders are contained inside cylindrical tubes. The tubes were 
fabricated with an inside diameter 1/32 in. greater than the outside diameter of the linear 
bearing cylinders. This allowed the cylinders to float in the horizontal direction inside the 
cylinders tubes to account for minor variations over the shaft length. The guide support 
structure was designed for easy removal and cleaning of the linear bearing cylinders. A 
series of wiper bushings were installed along the bottom face of the linear bearing 
cylinders to minimize the possibility of debris entering the bearing housing. Teflon 
bushing guides were located at the top of the guide support structure. The four Teflon 
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guides were designed to provide support for the shafts and limit lateral motion and 




Figure 3.4  Section view of the impulse measurement device and photographs of 
components. 
 
The four bottom steel impact plates provide the majority of the mass for the piston 
system. A detailed section view of the bottom plates is shown in Figure 3.5. The bottom 
plate that is directly exposed to the blast consists of high-strength quenched and tempered 
A514 steel. The remaining steel plates were fabricated from type 4340 steel. The plates 
are connected using eight, Grade 7, 1-in.- diameter sock-head bolts that are embedded 
Guide Shaft & Catch Shaft 
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flush with the bottom surface. The bottom two steel plates were designed to house a 
gage-mounting assembly. The gage mounts were designed to be removable to allow for 
repair and replacement as needed.  
 
 
Gage Mount ing Plate  DetailBot tom Impact  Plates
     Sect ion View
 
Figure 3.5 Section view of bottom plates and gage mounts. 
 
Mechanical Safety-Stop Device  
The mechanical safety-stop device was designed to stop the 5,500-lb piston 
assembly at the pinnacle of its vertical travel and to minimize free-fall loads on the IMD 
support structure. If the safety-stop was not in place, the piston could free-fall up to 26 in. 
and produce a significant dynamic load on the support structure. During a blast event, the 
  
36 
piston assembly travels up to its peak height and then begins to free-fall, coming to rest 
due to the engagement of the mechanical safety-stop device. The mechanical safety-stop 
device is shown in Figure 3.6 and is comprised of three major components, the catch rod 
(Figure 3.7a), the catch housing (Figure 3.7b), and the catch lugs (Figure 3.7c). Figure 
3.8 shows the total assembly installed on the IMD. The materials used in the shaft, catch 
lugs, and the center-catch housing are listed in Table 3.1. 
 







Figure 3.6  The mechanical safety-stop device. 







Catch Shaft 4142 102,750 
Center Catch 








Figure 3.8  Mechanical safety-stop device installed on the IMD. 
 
The design load on the mechanical safety-stop device was dependent on the 
distance that the piston assembly would fall before it stopped on the support collar.  
a. Catch shaft.          b. Catch housing.                          c. Catch lug. 
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Therefore, the maximum force that could be exerted to the free-falling piston assembly 
was directly related to the collar-to-collar distance on the safety rod. This collar-to-collar 
distance was dependent on several factors, including the contact area for the catch lugs 
and the slope angle between the collars. The collar-to-collar distance is 4-5/16 in. The 
load is distributed throughout the three catch lugs, the center rod, and the center-catch 
housing. To reduce the impact loading on the safety-stop components, a 2-in.-thick piece 
of 40-durometer rubber was placed under the center-catch housing. This increased the 
stopping distance and thus reduced the impact load on the safety-stop components. 
As shown in Figure 3.4, the safety-stop rod was centered in the piston assembly, 
extended vertically up from the impact plates through the mechanical safety-stop device 
to the top lifting plate, and bolted to the top and bottom plates like the guide shafts. The 
rod was fabricated from a 3-in.-diameter, 4142 steel rod and machined over the full 
length of available travel distance for the piston. The rod (Figure 3.7a) has 42 in. of 
repeating machined collars with a large diameter of 3 in. and small diameter of 1.5 in. 
The safety-catch housing (Figure 3.7b) contains the catch lugs and encompasses 
the catch shaft. The housing is mounted on the rubber shock absorption material and then 
fastened to the test structure. The safety-catch housing has a 6-in. outside diameter and 
was center-bored with a 3-in.-diameter hole to accommodate the catch shaft; the housing 
is 12-in. long. The height of the center-catch housing was designed so that it always 




The catch lug assembly shown in Figure 3.7c stops the piston assembly as it 
begins to fall. The lugs are spring-loaded and contoured with the catch rod in order to 
stay in full contact with the shaft. The catch lug assembly is a cylindrically machined 
piece of hardened custom carpenter 630 (17Cr-4N) stainless steel with a keyway cut the 
length of the lug to keep it aligned with the central housing (see Figure 3.7c). The lugs 
also have a tapered radius cut into the face. This allows the lug to mount in full contact 
with the center-catch rod’s tapered radius. Each lug is 1 in. in diameter and 3-in. long. 
The catch lug assembly threads into the center-catch housing and cannot rotate because of 
the keyway in the housing and the tapered radius on both the lug and shaft. The opposite 
end of the lug was drilled and tapped allowing the bolt to go through the threaded cap and 
a spring and then threaded to the lug holding the assembly together. The nylon spacer 
shown in Figure 3.7c retains the spring in a compressed state and allows the IMD to 
move freely. Once all three catch lugs are inserted into the housing, the housing is placed 
over the center catch rod and fastened to the IMD support frame (Figure 3.8). The nylon 
spacers are then removed, and the lugs are allowed to mate with the shaft. When the 
piston travels up, the lugs follow the contour of the rod. When the rod reaches its 
maximum travel distance and begins to fall, the lugs catch the first collar on the rod and 
stop the free fall of the piston assembly.                                                                 
 
Instrumentation 
The IMD was instrumented with airblast, acceleration, and displacement gages. 
The general arrangement of the instrumentation is shown in Figure 3.9. The primary goal 
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was to capture the displacement and velocity time-histories of the piston assembly as the 




Figure 3.9  Instrumentation layout for the IMD experiments. 
 
Field Installation and Checkout  
After completing the fabrication and checkout of the IMD at ERDC, the device 
was transported and installed at the Fort Polk test site. Once in place, a checkout was 
performed on the device using both a static and dynamic approach. For the static 
approach, a hydraulic jack and load cell were placed under the impact plates. First, the 
jack was used to lift the piston assembly to a set height. The jack was held in position to 
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allow the load cell to record the total weight of the system including instrumentation and 
wiring. This procedure was also followed before each experiment to verify the total 
weight of the system. The piston assembly was lifted a minimum of 6 in. during this 
checkout. The jack was then used to lift the piston mass at a constant rate while 
measuring the vertical force acting on the load cell. The drag or friction of the moving 
impulse system was then calculated by comparing the vertical force measured during 
motion to the actual static weight measured for the system. Because of the slow rate of 
lift used for this calibration, the loading captured was more representative of a static drag, 
which should be initially higher than the dynamic drag in the system. The use of the jack 
and load cell to calculate drag was also performed before each experiment to ensure that 
the drag in the system was at a minimum. In all the experiments, the calculated friction 
load was less than 5% of the total weight of the system. 
As a dynamic check on the system, a test shot was performed using approximately 
2.5 lb of C4. This test verified the structural integrity of the system and the 
instrumentation settings. For this test, the C4 explosive charge was placed on top of a 
loosely compacted soil testbed. The IMD survived the blast without any damage, and all 
instrumentation worked as planned. During this test, the response of the structure was 
monitored for vibration and vertical displacement. The peak piston displacement of the 
IMD assembly was 2.5 in., and the total impulse load imparted to the piston was 
approximately 640 lb-sec. 
After the test shot, an experiment was performed with a 5-lb C4 charge sitting on 
a concrete slab below the IMD (Figure 3.10). The standoff distance between the top of 
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the charge and the bottom of the plate was 20 in. Prior to this experiment, pretest 
predictions were performed using the CTH code. The CTH code was selected, because it 
has been proven to perform well for open-air blast events (Baylot and Bevins 2007; 
Joachim et al. 1999; Namburu et al. 1998). The goal was to compare the computational 
results with experimental results for a charge sitting on a rigid surface. Although it is still 
a very complex numerical simulation, it is greatly simplified and better validated when 
compared to a charge sitting on soil or buried in soil. The concrete slab was used instead 
of a soil surface to act more like a rigid surface. This test was performed with the fully 
instrumented IMD. The acceleration time-history and total displacement for the IMD 
piston assembly and the support structure were obtained from the test. These data were 
compared with the results of the CTH calculation and structural analysis of the support 





Figure 3.10 Pretest photograph of IMD experimental test layout. 
 
Figure 3.11a shows the displacement time-histories for the IMD piston assembly 
integrated from the accelerometer data, the displacement time-history from the yo-yo 
gage, the total displacement measured from the scratch gage, and the computed 
displacement time-history from the results of the CTH calculation. The measured peak 
displacements compare reasonably well with the calculated peak displacement. The 
average total displacement using the acceleration data, the yo-yo gage, and the scratch 
gage was approximately 3.35 in., compared to a total displacement of 3.51 in. calculated 
from CTH. Due to problems with the displacement time-history recorded during the 
initial rise time of IMD piston, the yo-yo gage did not record a reasonable time-history, 
but it did record an acceptable value of peak displacement. The slope of the displacement 
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time-history integrated from the accelerometer data varied slightly from the CTH 
calculated displacement time-history. This is probably due to the high-frequency noise 
recorded in the front end of the acceleration record. The time of peak (TOP) displacement 
from the acceleration record (125 msec) compared reasonably well with the CTH 
calculation (136 msec).  
Figure 3.11b shows the velocity time-history for the IMD piston assembly 
integrated from the accelerometer data, the peak velocity captured from the high-speed 
video, and the velocity time-history from results of the CTH calculation. Due to high-
frequency noise captured at the beginning of the acceleration record, it is difficult to show 
a clear velocity time-history during the initial rise of the IMD piston assembly. It is 
estimated that the peak velocity captured in the acceleration record is in the range of 4 to 
5.3 fps. A peak velocity of 5.0 fps was captured with the high-speed video. This peak 
velocity compares very well with the peak velocity captured in the CTH calculation of 
4.8 fps. The fall rate of the IMD captured in the acceleration record also compares 
reasonable well with that from the CTH calculation. A 1G slope is included in Figure 
3.11b for comparison. Using the peak velocity of 5.0 fps from the high-speed video and 
the average maximum displacement of 3.35 in. obtained from the scratch gage, 
acceleration record, and yo-yo gage, the total impulse imparted to the IMD piston 
assembly was calculated to be approximately 728 lb-sec using Equation 5. The total 




Figure 3.11 Measured and calculated displacements and velocities  
of the IMD piston assembly. 
 
To monitor the movement of the support structure, an accelerometer was mounted 
on the structure near the center where the IMD piston assembly was supported. Figure 
3.12 shows the velocity and displacement time-histories integrated from the support 
structure accelerometer data. The peak displacement recorded at the center of the support 
structure was approximately 0.08 in. with a natural frequency of the structure of 
approximately 14 msec. These measured results matched reasonably well with the 
structural design analysis. As described earlier, the design analysis considered a 10-lb 
charge on the surface, so a 5-lb charge would be somewhat conservative. The peak 
displacement from the structural design analysis was approximately 0.15 in. with a 
natural frequency of approximately 15 msec. The maximum displacement in the support 
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structure obtained from the test data was well below the design goal and is expected to 
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Figure 3.12 Measured velocity and displacement time-histories of the support 
structure. 
 
Effects of Wrap-Around Stress 
As a part of the evaluation of the IMD, CTH was used to capture both the positive 
and negative phase loadings on the IMD piston plate (Figure 3.13). The design of the 
piston plate did not contain a shroud to reduce wrap-around load on the top surface. The 
concern was that the negative phase loading might significantly reduce the resulting 
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loading captured by the IMD. The simulation modeled the actual piston plate geometry 











Figure 3.13 Loading conditions on the IMD piston-plate. 
 
 
Figure 3.14 shows the positive phase (upward) and negative phase (downward) 
impulse loading time-histories on the piston plate from the results of the CTH 
calculations. Also shown in Figure 3.14 is the resulting upward loading on the piston 
plate, i.e., upward positive phase less the downward negative phase provides the resulting 
upward loading. The peak positive phase impulse obtained from the CTH calculations 
was 775 lbf-sec. This compares to a peak resulting impulse of 685 lbf-sec. This indicates 
or Wrap Around 
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that, assuming the negative phase was not present, the actual loading on the piston would 
be approximately 13% higher than was actually recorded in an experiment. The 
simulations matched the results of the field experiment that was conducted and described 
above. The experiment utilized a concrete slab instead of a soil surface to act more like a 
rigid surface and was performed with the fully instrumented IMD. The resulting peak 
impulse obtained from this experiment was 728 lbf-sec. This value compares well with 
that from the CTH calculations and actually is between the positive phase (775 lbf-sec) 
and resulting (685 lbf-sec) impulse values. Compared to the CTH calculated positive 
peak impulse, the calculated value would indicate that only a 6% reduction occurs due to 
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DESCRIPTION OF EXPERIMENTS 
 
Experimental Parameters  
Key factors that appear to affect the blast loading on a structure above a surface 
flush or shallow buried charge include the standoff distance from the charge, the 
explosive charge size and mass, the charge shape, the type of explosive, depth of burial 
below the surface, and the surrounding soil properties and soil conditions (Williams et al. 
2008). For the experiments conducted during this program, the primary focus was the 
effects of soil properties on the blast environment. Therefore, the experimental program 
was designed to reduce the effects of as many of the other parameters as possible. The 
factors that were held constant included the charge mass, charge shape, charge geometry, 
explosive type, and standoff distance. Table 4.1 lists the constants and the values selected 
for the experiments.  
Table 4.1 Experimental constants. 




Charge Mass 5 lb
Charge Shape Cylinder (Aspect Ratio 3)
Charge Geometry 6.9-in. diam x 2.3-in. height 
Explosive Type C4
Standoff Distance 20 in. (top of charge to measured surface)
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The primary variables for the experimental program included the soil type in which the 
charge was buried and the depth of burial. The experiments were conducted using three 
different soil types that bound the effects of soil on the blast environments. The depth of 
burial selected was based on a common location for buried mines. Based on the two 
variables selected, a test matrix was developed in an attempt to gather as much 
experimental data as possible with the funds available. Table 4.2 shows the experimental 
matrix that was developed and the variables selected for each experiment. 
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Table 4.2 Experimental matrix. 
Test Number Charge Mass, lb Soil Type Charge Position Depth of Burial, in. Target Standoff, in. Test Configuration
BM-I-01 5 SM TSA -2.3 20 Side-on Overpressure
BM-I-02 5 SM TSB 1.15 20 Side-on Overpressure
BM-I-03 5 SM Buried 4 20 Side-on Overpressure
BM-I-04 5 SM TSA -2.3 20 IMD
BM-I-05 5 SM Buried 4 20 IMD
BM-C-01 5 CL TSA -2.3 20 Side-on Overpressure
BM-C-02 5 CL TSB 1.15 20 Side-on Overpressure
BM-C-03 5 CL Buried 4 20 Side-on Overpressure
BM-C-04 5 CL TSA -2.3 20 IMD
BM-C-05 5 CL Buried 4 20 IMD
BM-S-01 5 SP TSA -2.3 20 Side-on Overpressure
BM-S-02 5 SP TSB 1.15 20 Side-on Overpressure
BM-S-03 5 SP Buried 4 20 Side-on Overpressure
BM-S-04 5 SP TSA -2.3 20 IMD
BM-S-05 5 SP Buried 4 20 IMD
Target standoff is measured from top of charge to bottom of IMD or centerline of side-on overpressure gages
Notes:
Soil Type:  CL for Sandy Clay, SM for Silty Sand, and SP for Poorly Graded Sand per the Unified Soil Classification System
Charge Positions: TSA for Tangent Surface Above and TSB Tangent Surface Below
Depth of Burial is measured from top of charge to ground surface
 
   
Experimental Configuration 
The test site was located at Fort Polk, LA on Range 19. The experimental 
configuration consisted of three test series, each conducted on a different soil type. The 
three soil types selected included a silty sand or intermediate soil for the first test series, a 
wet clay soil for the second test series, and a dry sand soil for the third test series. Each of 
the three test series consisted of five experiments. Two of the experiments were 
conducted using the IMD in order to measure total impulse imparted to the piston 
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assembly, referred to as the IMD layout. The layout for the two IMD experiments 
consisted of a charge detonated on the surface of the testbed and a charge detonated at a 
depth of 4 in. below the surface of the testbed. For both experiments, the standoff 
distance between the top of the charge and the face of the IMD was held constant at 20 in. 































Figure 4.1 Layout for the IMD experiments. 
 
 
The three remaining experiments in each test series were conducted using a series 
of five side-on overpressure gages above the testbed surface, referred to as the side-on 
layout. The layout for the three side-on experiments consisted of one with the charge 
detonated on the surface, i.e., tangent surface above (TSA), one with the charge buried 
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with its top surface flush with the top surface of the testbed, i.e., tangent surface below 
(TSB), and one with the charge detonated at a depth of 4 in. below the surface of the 
testbed. For all three experiments, the standoff distance between the top of the charge and 
the vertical elevation of the side-on gages was held constant at 20 in. The side-on 
overpressure gages were located with one gage directly above the charge, two with a 
horizontal offset of 18 in., and two with a horizontal offset of 36 in. All five gages were 
located at the same vertical elevation above the testbed that matched the standoff used for 
the IMD. Figure 4.2 shows a detailed layout of the side-on overpressure gages located 
relative to the charge and the geometry and configuration of the three side-on 
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20 in.
(a) Layout for side-on overpressure 
gages.


















In designing the experiments, several charge configurations were considered. The 
type of explosive, mass of explosive, and geometry of explosive were all considered key 
parameters in the experimental layout. For the type of explosive, Composition C4 was 
chosen because the detonation properties for this explosive are readily available and were 
validated by numerous experiments and analyses. The mass of explosive was limited by the 
capability of the IMD. A charge mass of 10 lbs was first considered based on a surface 
detonation and a standoff distance of 20 in. The explosive mass was reduced to 5 lbs after a 
review of recent experimental results indicating that the impulse created by a buried charge 
could be as much as 2 to 3 times that of the same charge mass sitting on the surface (Hlady 
2004). The two geometries considered for the experiments were a spherical shape and a 
cylindrical shape. The spherical charge provides a more symmetric loading around the 
charge, especially at close proximity to the charge, when compared to a cylinder charge. 
However, after reviewing literature, it was clear that a large number of buried mines in 
circulation around the world have a current geometry consisting of no more than 30 lbs of 
explosive and are usually pancake-shaped or cylindrically shaped with a thickness of 1/3 
to ¼ the diameter (Wenzel and Esparza 1972). The final charge geometry chosen for the 
experiments consisted of a 5-lb cylindrical charge with a height of 2.30 in. and a diameter 
of 6.90 in. The charge was created by packing C4 into a plastic form. A picture of the 
form is shown in Figure 4.3. The charge was detonated using a Reynolds FS-17 firing 
system and a RISI RP-87 exploding bridge wire (EBW) detonator placed at the bottom 
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Figure 4.3 Photograph of 5-lb C4 charge mold with a single stick of C4. 
 
The standoff distance for the experiments was selected based on a range of 
common standoff distances for structures of primary concern with buried mines. The 
common standoff distance investigated for these structures ranged from 16 in. to 20 in. 
above the surface of the testbed. The final standoff distance selected for these 
experiments was 20 in. from the top of the charge to the bottom of the IMD impact plate 
or centerline elevation of the side-on overpressure gages. Measurements at this close 
proximity can be very problematic due to high pressure levels and the potential 
detrimental effects of detonation products on instrumentation. 
The charge location, relative to the ground surface, was selected to account for the 
common locations of buried mines. Current practice in mine warfare calls for burial of 
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pressure-fused mines with 2 to 4 in. of soil coverage above the top of the mine. Depths 
much deeper than 4 in. are not common because of the emplacement time and the shock 
absorbing characteristics of soil (Wenzel and Eparza 1972). The first location selected for 
the experiments was on the surface or tangent surface above. The second location 
selected was the charge buried 4 in. below the surface, measured from the top of charge 
to the top of ground surface. The third and final location selected was with the charge 
buried such that the top of charge was flush with the ground surface or tangent surface 
below. All three locations were used in the three soils selected. The first and second 
location, TSB and buried, were both tested using the IMD and the side-on pressure gages. 
Due to funding limitations, the third location, TSA, was only tested with the side-on 
pressure gage arrangement. 
 
Soil Backfill Materials and Testbed Construction  
Results of grain-size distribution and classification tests (U.S. Army Corps of 
Engineers 1980) for the three backfill materials are shown in Figure 4.4. The intermediate 
soil classified according to the Unified Soil Classification System (U.S. Army Engineer 
Waterways Experiment Station 1960) as a silty sand (SM) with a specific gravity of soil 
solids of 2.69; the clay material classified as a sandy clay (CL) with a specific gravity of 
2.72; and the dry sand material classified as a poorly graded sand (SP) with a specific 
gravity of 2.67. Results of Proctor compaction tests (U.S. Army Corps of Engineers 
1980) for the silty sand and sandy clay materials are shown in Figures 4.5 and 4.6, 
respectively. Also shown in these figures are lines representing zero air voids, the 
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bounding specifications for water content and dry density for backfill placement, and the 
average values obtained from each experiment. Results of maximum relative density tests 
(U.S. Army Corps of Engineers 1980) conducted on samples with different water 
contents for the sand material are shown in Figure 4.7 along with the bounding 
specifications for water content and dry density for backfill placement and the average 
values obtained from each sand experiment. The basis for the selection of each backfill 
material and its respective target as-placed values of water content and dry density are 
documented in Chapter V, along with the results of all quality control tests conducted on 
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Sandy Clay (CL) - LL=45; PL=15; PI=31
Silty Sand (SM) - No Plasticity
Poorly Graded Sand (SP) - No Plasticity
 










































































































Figure 4.7 Summary of placement specification and test results for dry sand testbed. 
 
Charge Placement and Arming 
The charge was placed at three locations during the experimental series, i.e., 
tangent surface above (TSA), buried with top surface flush (TSB), and buried 4-in. from 
top of charge to top of ground surface. For the buried and TSB testbeds, a section of 
plastic pipe was placed in the backfill and extended from the charge location to the free 
surface. After the backfill was complete, the 5-lb C4 charge was constructed by 
measuring the desired weight of C4 explosive and forming it into the plastic mold. Plastic 
wrap was used to line the mold to ensure that the charge could be removed and would 
maintain its shape. The pipe was then removed from the testbed, and the charge was 
lowered into the testbed to the correct location. The charge position was verified against 
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the IMD or side-on gage elevation to ensure that the 20-in. standoff was achieved. The 
void space above the buried charge was backfilled with soil to the correct grade elevation 
of the testbed for the buried charge. The soil above and around the charge was carefully 
packed using a weighted plate to achieve the desired density. For the TSA layout, the 
final testbed surface was brought to correct elevation and verified off the bottom of the 
IMD impact plate. The charge was then place on the ground surface at the correct 
location centered under the IMD impact plates. Figure 4.8 shows the placement of a 
charge for a TSA experimental layout.  
 
 







During preparation for the experiment, pretest data were collected and recorded 
for comparison with the posttest data. Detailed photographs and surveys of the soil 
testbed were obtained and recorded for the experiments. Backfill placement elevations 
were recorded for each lift. As the instrumentation was placed in the backfill, the 
elevation and radius from ground zero (GZ) were also surveyed and recorded. After 
backfill construction was completed and prior to installing the charge, surveyed cross 
sections were taken along the 0- to 180-degree and the 90- to 270-degree axes (shown in 
Figure 4.9) relative to the GZ location. Cross sections were used for comparison with 
crater profiles along the same lines after detonation. After the surveys were completed, 
the charge was placed into position, and the final measurements were taken to ensure the 
correct standoff existed between the top of the charge and bottom of the IMD plate or 
centerline of the side-on gages.  
 
Posttest 
Posttest data collection began as soon as the test site was cleared for entry. 
Photographs of the testbed were taken, and surveys across the testbed were conducted.  
The surveys were along the same lines as recorded pretest. After the surveys were 
completed, the diameter of the crater created in the soil was measured at the ground 
surface, at mid-depth, and at the bottom of the crater. When the IMD was used, the final 
  
65 




In order to capture detailed time and distance data on displacement of the IMD 
piston assembly, high-speed digital cameras were utilized. For each experiment, the 
layout consisted of two high-speed cameras focusing on the IMD. One camera was a 
front view of the device, and the second was a side view of the device. Figure 4.9 shows 
a plan view of the experimental layout and the locations of the cameras relative to the test 
structure. Both cameras were mounted on heavy duty tripods placed inside steel bunkers. 
The bunkers contained view portals covered by clear protective plastic to reduce the risk 
of damage to the cameras. A soil berm was also constructed around the front of the 
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Figure 4.9 Experimental layout showing high-speed camera locations. 
 
 
Two Phantom V7.3 digital cameras (Vision Research 2009) as shown in 
Figure 4.10 were used during the experiments. The 85mm and 50mm lens were used to 
achieve the desired view and focus. The cameras were operated at speeds of 2000 to 5000 
frames per second. The selection of the frame rate, exposure time, and resolution varied 
and was dependent on the lighting conditions and the field of view selected for each 
experiment. The data from a camera were stored in its camera memory and then 
transferred to a laptop computer. The camera contained 8 gigabytes of memory and could 
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capture over 10,000 pictures at full resolution. The cameras were triggered during the 
experiments by tying a closure system (switch) into the Reynolds firing unit.  
 
 
Figure 4.10 Phantom V7.3 high-speed digital camera. 
 
Once the high-speed digital video was recorded and transmitted to a laptop 
computer, the data were analyzed using a proprietary software distributed by Phantom 
Camera Control Version: 9.0.640.0-C PhCon:640 (Vision Research 2009). The software 
has the ability to zoom and filter imagery to improve and sharpen the picture. The 
software also provides detailed information about the time step for each frame and the 
resolution used during the recording. A screen capture with the software used to analyze 
the high speed videos is shown in Figure 4.11. For the analysis of the IMD, the software 
allows the user to record movement, scale distance from a reference, and determine 
angular and linear acceleration and velocity. To assist in the analysis, reference poles with 
known graduated markings were placed on the IMD support frame and were visible from 
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both camera views (shown near the top of the image in Figure 4.11). The primary goal 
was to capture both the peak velocity and total displacement of the IMD mass-piston-
assembly during the experiments. To reduce user error and improve accuracy, the video 
was analyzed multiple times using different reference points. From the multiple analyses, 
average initial peak velocity and peak displacements were obtained for each experiment. 
In some cases, the total displacement obtained in the video for the mass piston was 
obstructed from view by dust and soil debris. In those cases, other instrumentation on the 
IMD were utilized to obtain the total displacement, such as the scratch gage, yo-yo gage, 
and accelerometers.  
 
 




The experiments were instrumented in order to capture key results as a function of 
time. The instrumentation consisted of buried ground shock instrumentation, 
aboveground blast pressure instrumentation, and IMD instrumentation. The amount and 
type of the instrumentation varied depending on the type of experiment and the charge 
location. The experiments were separated into two categories based on the use of the 
IMD or the use of side-on-overpressure gages above the testbed. Table 4.3 provides a 
summary of the instrumentation used in the IMD test configuration, and Table 4.4 
provides a summary of the instrumentation used in the side-on overpressure test 
configuration. The two tables provide the gage number assigned to the particular gage 
location, gage type or manufacturer used, gage location, approximate range (upper limit 













Table 4.3 Instrumentation summary for IMD configuration.  
Measurement Gage No. Gage Type Location Range Mount
Ground Surface 
Overpressure OP - 1 Kulite Overpressure 8 ft from GZ 50 psi XTS
Ground Surface 
Overpressure OP - 2 Kulite Overpressure 10 ft from GZ 25 psi XTS
Ground Surface 
Overpressure OP - 3 Kulite Overpressure 14 ft from GZ 10 psi XTS
Reflected Pressure 
on IMD RP - 1 PCB Reflective Pressure Bottom of IMD Piston 100,000 psi
Bare with Tape and 
Grease Covering
Reflected Pressure 
on IMD RP - 2
Kulite Reflective 
Pressure Bottom of IMD Piston 30,000 psi Debris Shield
Reflected Pressure 
on IMD RP - 3
Kulite Reflective 
Pressure Bottom of IMD Piston 30,000 psi (2) Debris Shields
IMD Acceleration SAV - 1 Endevco Accelerometer Top of IMD Piston 6k g's On Steel Plate
IMD Acceleration SAV - 2 Endevco Accelerometer Top of Support Frame 6k g's On Steel Plate
Displacement D -1
Cable Ext. Position 
Transducer Inside IMD Enclosure 30 inches Steel mount
Ground Shock 
Acceleration AR - 1 Endevco Accelerometer
Soil, 3-ft range, C.L. 
Charge Depth 60k g's HiFi Can
Ground Shock 
Acceleration AR - 2 Endevco Accelerometer
Soil, 4-ft range, C.L. 
Charge Depth 20k g's HiFi Can
Ground Shock 
Acceleration AR - 3 Endevco Accelerometer
Soil, 5-ft range, C.L. 
Charge Depth 20k g's HiFi Can
Ground Shock 
Stress SR - 1 Kulite Radial Soil Stress
Soil, 3-ft range, C.L. 
Charge Depth 3,000 or 4,000 psi LRSW Mount
Ground Shock 
Stress SR - 2 Kulite Radial Soil Stress
Soil, 4-ft range, C.L. 
Charge Depth 3,000 or 4,000 psi LRSW Mount
Ground Shock 
Stress SR - 3 Kulite Radial Soil Stress
Soil, 5-ft range, C.L. 




Table 4.4 Instrumentation summary for side-on overpressure configuration. 
Measurement Gage No. Gage Type Location Range Mount
Ground Surface 
Overpres sure OP - 1 Kulite Overpres sure 8 ft from GZ 50 ps i XTS
Ground Surface 
Overpres sure OP - 2 Kulite Overpres sure 10 ft from GZ 25 ps i XTS
Ground Surface 
Overpres sure OP - 3 Kulite Overpres sure 14 ft from GZ 10 ps i XTS
Side-On Overpres sure SOP - 1 Kulite Overpres sure 2.78 ft from GZ 500 ps i SOP M ount
Side-On Overpres sure SOP - 2 Kulite Overpres sure 2.31 ft from GZ 2000 ps i SOP M ount
Side-On Overpres sure SOP - 3 Kulite Overpres sure 1.76 ft from GZ 5000 ps i SOP M ount
Side-On Overpres sure SOP - 4 Kulite Overpres sure 2.31 ft from GZ 2000 ps i SOP M ount
Side-On Overpres sure SOP - 5 Kulite Overpres sure 2.78 ft from GZ 500 ps i SOP M ount
Ground Shock 
A cceleration A R - 1
Endevco 
A ccelerometer
Soil, 3-ft range, C.L. 
Charge Depth 60k g 's HiFi Can
Ground Shock 
A cceleration A R - 2
Endevco 
A ccelerometer
Soil, 4-ft range, C.L. 
Charge Depth 20k g 's HiFi Can
Ground Shock 
A cceleration A R - 3
Endevco 
A ccelerometer
Soil, 5-ft range, C.L. 
Charge Depth 20k g 's HiFi Can
Ground Shock Stres s SR - 1
Kulite Radial Soil 
Stress
Soil, 3-ft range, C.L. 
Charge Depth 3,000 or 4,000 ps i LRSW  M ount
Ground Shock Stres s SR - 2
Kulite Radial Soil 
Stress
Soil, 4-ft range, C.L. 
Charge Depth 3,000 or 4,000 ps i LRSW  M ount
Ground Shock Stres s SR - 3
Kulite Radial Soil 
Stress
Soil, 5-ft range, C.L. 
Charge Depth 3,000 or 4,000 ps i LRSW  M ount  
Ground Shock Instrumentation 
Ground shock instrumentation was installed in all the experiments with the charge 
buried 4 in. below the surface. The instrumentation in the backfill consisted of three free-
field soil stress gages and three accelerometers. The accelerometers and soil stress gages 
were installed in each backfill to monitor the motion and stress due to the detonation of 
the explosive charge. The gages were identified in Tables 4.3 and 4.4 by a two-part 
number, i.e., (1) SR indicates a free-field soil stress gage, and AR indicates a free-field 
accelerometer, and (2) the gage number. The gages were installed in the top of the 
backfill lift that coincided with the centerline of the cylindrical charge. The gages were 
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aligned so that their faces were perpendicular to the center of the charge. One 
accelerometer and one stress gage were placed at the 3-, 4- and 5-ft ranges from the 
center of the charge (GZ). Layouts showing the backfill instrumentation for the buried 
charge experiments using the IMD and side-on pressure gages are shown in Figures 4.12 
and 4.13, respectively. All data were recorded with meDAQ model 600E digital transient 
recorders (Hi-Techniques, Inc. 2004). Backfill data were recorded with a sampling 
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Figure 4.13 Backfill instrumentation layout for buried charge using side-on 
overpressure gages. 
The backfill accelerometers were Endevco Model 7270A instruments (Endeavco 
2005). These gages are miniature, undamped, piezoresistive accelerometers with a useful 
frequency response range of 100 kHz for the 60,000-g version and a useful frequency 
response range of 50 kHz for the 20,000-g version. These accelerometers were mounted 
in aluminum “hi-fi” canisters shown in Figure 4.14. These canisters employ a semi-hard 




The radial stress measurements were made with Kulite model LQV-080-U gages 
(Kulite Semiconductor 2007) with upper limits of approximately 3,000 and 4,000 psi. 
These gages are referred to as low-range soil stress gages. The gage and its confining ring 
are shown in Figure 4.15. A steel ring surrounds the gage, isolates the gage from lateral 
stresses, and provides the optimal diameter-to-thickness ratio for stress measurements in 
soil. The gage is separated from the isolator ring by a soft silicon rubber material. The 
natural frequency of the gage is approximately 40 kHz. The end of the steel ring that 
surrounds the gage is threaded to accept a coupling to connect the ring to copper tubing 





a.  Diagram of the accelerometer and “hi-fi” canister.










b.   Photograph of one of the low-range soil stress gage and mount 
assembly.



















Blast Pressure Instrumentation 
 
Side-On Overpressure 
The gage arrangement for side-on overpressure measurements consisted of five 
gages mounted in a horizontal plane 20 in. above the top of the charge surface to match 
the standoff used for the IMD tests. The side-on overpressure gages were located in line 
with one gage directly above the charge, two with horizontal offsets of 18 in. from the 
center of the charge, and two with horizontal offsets of 36 in. as shown in Figure 4.2. The 
overpressure measurements were made with Kulite gages (Kulite Semiconductor 2007) 
with upper limits of approximately 5,000 psi at the center gage (SOP3), 2,000 psi at the 
18-in. offset gages (SOP2 and SOP4), and 500 psi at the 36-in. offset gages (SOP1 and 
SOP5). The gages used in the experiment were mounted in side-on disc mounts and were 
supported on the same structure that supported the IMD. The gage mount and a 
photograph of the gage are shown in Figure 4.16. The gage mounts were suspended 
below the structure using a “V” shape support structure. Figure 4.17 shows a photograph 
of the five side-on overpressure gages suspended below the support structure. 
 
Ground Surface Overpressure  
Three ground surface overpressure gages were used in both the side-on and the 
IMD experiments. The gages were located at horizontal distances of 8, 10, and 14 ft from 
GZ. The overpressure measurements were made with Kulite gages with upper limits of 
approximately 50 psi at the 8-ft range (OP1), 25 psi at the 10-ft range (OP2), and 10 psi 
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at the 14-ft range (OP3). The gages were flush-mounted with the ground surface in an 
overpressure mount. The mount was cast in a 12-in.-diameter by 6-in.-tall concrete 
cylinder that was buried below ground to minimize movement of the gage during testing. 
The gage mount is shown in Figure 4.18. A photograph showing the ground surface 
overpressure gages located in a test arrangement is shown in Figure 4.19. 
 
  
























Ground Surface Overpressure 
Gage Mounts
 
Figure 4.19 Photograph of ground surface overpressure gages.  
                                
IMD Instrumentation 
The IMD was instrumented with airblast, acceleration, and displacement gages. 
The general arrangement of the instrumentation is shown in Figure 4.20. The primary 
goal was to capture the displacement and velocity time-histories of the piston assembly. A 
cable extension position transducer (Intertechnology, Inc. 2007), referred to as a yo-yo 
gage, was mounted on the inside of the support structure and attached to the piston 
assembly. The yo-yo gage uses a spring tension wire to measure deflection. Figure 4.21 is 
a photograph of a yo-yo gage. Due to the relatively slow reaction time of the yo-yo gage, 
it was not useful in capturing the initial velocity of the system but was used to capture 
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total upward displacement. Figure 4.22a shows a photograph of the “yo-yo” gage placed 
on the IMD. 
Accelerometers were mounted on the top surface of the impact plates to capture 
the motion of the mass piston assembly and on the stationary support beams near the 
piston assembly to capture global motion of support frame. The structural acceleration 
measurements were made with Endevco 7270A accelerometers (Endevco Corp. 2005). 
The accelerometers on the IMD and support structure were placed in ERDC/WES-
designed shock mounts (Figure 4.23) (Phillips et al. 1998). The shock mount was 
designed to attenuate high-frequency accelerations that may damage accelerometers 
while allowing accurate derivation of the integrated velocity and displacement 
waveforms. The acceleration time-histories of the piston assembly were used to derive 
velocity time-histories and approximate displacement time-histories throughout the 
experiments. Figures 4.22b and 4.22c are photographs of the accelerometer gages on the 
support structure and on the IMD piston assembly, respectively. 
Three pressure transducers were flush-mounted on the bottom plate of the piston 
assembly to measure the reflected pressure on the exposed surface. Figure 4.24 shows the 
locations of the pressure transducers on the bottom plate. In most cases, two of the 
pressure transducers were piezoresistive sensors (Kulite Semiconductor 2007). These 
sensors were protected by a cover plate to prevent loading by soil particles or detonation 
products. Air inlet ports allowed measurement of only reflected airblast pressures. The 
third transducer was a piezoelectric sensor (PCB Piezotronics Inc. 2008). This sensor was 
exposed directly to the reflected pressure as well as any loading due to soil and 
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detonation products. Figure 4.25 shows a photograph of the three pressure transducers on 
the exposed surface of the IMD impact plate. These airblast measurements were designed 
to isolate and identify the separate loads produced by the soil debris and the airblast 
pressure. All data were recorded with meDAQ Model 600E digital transient recorders 
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Figure 4.23 Diagram of ERDC/WES-designed shock mount for the accelerometer used 
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The objective for the selection of each backfill material and its respective 
construction in the testbeds was to represent a wide range of soil behaviors related to the 
loading on the IMD. Testbeds representing a low-air-voids clay, an intermediate-air-voids 
clayey sand, and a dry, high-air-voids sand were established as the desired target soil 
conditions based on results of previous experimental and numerical ground shock 
investigations that included mechanical property testing and constitutive model 
development. The “target” materials were (1) a 3.9% air-filled-voids gravelly clay (CL) 
backfill used in the CONWEP 1 and 2 tests (Hayes 1989)  conducted at Fort Knox, KY 
(WCLAY1), (2) a 12% air-filled-voids clayey sand (SC) used in the DIPOLE BLADE 3 
test (Cummins and Windham 1995) conducted at White Sands Missile Range, NM 
(ISOIL1), and (3) a 30% air-filled voids poorly graded sand (SP) (Phillips et al. 2001 and 
2006; Ehrgott et al. 2008) used in numerous tests at Fort Polk, LA (DEMODRY1). The 
grain-size distributions for the three “target” materials are compared in Figure 5.1, and 
the composition properties are shown in Table 5.1. The low- and high-pressure 
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volumetric strain responses from uniaxial strain tests are compared in Figures 5.2 and 5.3, 
respectively, and the TXC failure relations are compared in Figure 5.4 
 
 


















DEMODRY1 Poorly Graded Sand (SP) 2.67 109.6 105.4 4.0 30.0 
WCLAY1 Gravelly Clay (CL) 2.71 122.5 99.0 23.7 3.9 
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Figure 5.4 Failure relations for "target" materials. 
 
Selection and Placement of Silty Sand Intermediate Material 
The soil selected to represent the clayey sand (SC) ISOIL1 “target” material was a 
silty sand (SM) purchased from a local supplier in the Fort Polk, LA area. Samples of the 
silty sand were obtained and sent to ERDC where grain-size distribution, specific gravity, 
and compaction tests were conducted to define the soil and its compaction characteristics. 
The grain-size distribution for the silty sand is compared with the grain-size distribution 
for the “target” material in Figure 5.5. The results of modified and standard Proctor 
compaction tests (using procedures in U.S. Army Corps of Engineers 1980) for the silty 
sand are compared with the mean dry density and water content for the ISOIL1 target 
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material in Figure 5.6. The silty sand was classified according to Unified Soil 
Classification System (USCS; U.S. Army Engineering Waterways Experiment Station 
1960) as a silty sand (SM) with a specific gravity of 2.69, which is not identical to the 
classification of clayey sand (SC) with a specific gravity of 2.72 for the ISOIL1 material. 
However, these materials have very similar grain-size distributions (Figure 5.5) and 
values of density and water content (Figure 5.6). 
Five experiments were conducted that employed an intermediate-air-voids silty 
sand testbed as shown in Figures 4.1 and 4.2. The dimensions of the testbeds were the 
same in all experiments, i.e., 12 ft by 12 ft by 4 .5-ft deep. Prior to the first experiment, 
an excavation was made below the IMD and side-on gage support structure (Figure 5.7). 
A plastic liner was placed in the excavation to avoid cross-contamination between the 
native soil and the selected backfill, and to aid in maintaining the as-placed water content 
of the select backfill. Then, the backfill was placed and compacted for the first 
experiment. For subsequent experiments, the disturbed soil was removed, and the testbed 
was excavated a minimum of 1 ft below the actual explosive-induced crater bottom 
elevation. The excavated testbed was then re-compacted and checked against the 
placement specification. The remaining testbed was placed and compacted for the next 
experiment.   
The specification for the range of allowable water contents and densities for each 
compacted lift are shown in Figure 5.8. The allowable water contents range from 11 to 
14%, and the allowable dry densities range from 110 to 114 pcf. A sufficient amount of 
silty sand to complete construction of the five testbeds was stockpiled at the test site. 
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After the material was thoroughly mixed with a front-end loader, water content 
measurements were obtained at a number of locations in the stockpile. Water was added 
to the silty sand as needed to get the material to the correct water content. The soil was 
then remixed, stockpiled, and covered with polyethylene to prevent the loss or gain of 
moisture. 
For each lift, the silty sand was placed in a loose condition to a thickness of 
approximately 7 in. The lift was then compacted with a minimum of three passes with a 
“jumping-jack” compactor (Figure 5.9) resulting in a final lift thickness of approximately 
5 in. After each lift was compacted, one to five quality control measurements of wet 
density were made with a nuclear moisture-density gage, and samples of the silty sand 
from mid-depth in the lift were obtained for microwave and standard oven-dry water 
content measurements. Determination of acceptance or rejection of each lift was based on 
a calculation of the mean dry density and microwave water content. If the mean dry 
density and water content were not within the specifications, the lift was not accepted, 
and adjustments to the lift were made until the specifications were satisfied.  
Although microwave water content measurements were used in quality control, 
standard oven-dried water content values were obtained to determine the final as-placed 
conditions of the compacted layers. The idealized values of wet density, water content, 
dry density, and calculated percent air voids from all five testbeds (excluding one lift in 
the second testbed) are plotted versus depth in Figure 5.10. The average values for water 
content and dry density from each testbed are compared with the backfill placement 
specification in Figure 5.11, which shows that the placement specifications were met.  
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Several disturbed 5-gal-bucket samples were obtained from each testbed and returned to 













Figure 5.5 Comparison of grain-size distributions for the intermediate-air-voids silty 







































   
   
   
   
   
















































Figure 5.6 Results of silty sand standard and modified Proctor compaction tests 
compared to the zero and 12% air-voids relations and the ISOIL1 water 
content and dry density. 
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Figure 5.8 Specifications for construction of intermediate-air-voids  
silty sand testbeds. 
 
 















































































Figure 5.10 Quality control test results and idealized values for intermediate  

































Figure 5.11 Average of quality control test results for each testbed compared with 




Selection and Placement of Clay Material 
The soil selected to represent the WCLAY1 “target” material, referred to as a 
gravelly clay (CL), was a sandy clay (CL) obtained from a borrow location on the Fort 
Polk reservation. Samples of the sandy clay were obtained and sent to ERDC, where 
grain-size distribution analyses, specific gravity, Atterberg limits, and compaction tests 
(using procedures in U.S. Army Corps of Engineers 1980) were conducted to define the 
soil and its compaction characteristics. The grain-size distribution for the sandy clay is 
compared with the grain-size distribution for the target material in Figure 5.12. The 
compaction test results for the sandy clay are compared with the mean dry density and 
water content for the target material (WCLAY1) in Figure 5.13. The sandy clay was 
classified according to the Unified Soil Classification System as a sandy clay (CL) with a 
specific gravity of soil solids of 2.72. The classification of sandy clay (CL) with a 
specific gravity of 2.72 is similar to that for the WCLAY1 “target” material, i.e., gravelly 
clay (CL) and specific gravity of 2.71. The particle-size distributions for the two 
materials are similar in that both materials have a high percentage of material finer than 
the #200 sieve, as shown in Figure 5.12. The material retained on the #200 sieve for the 
WCLAY1 gravelly clay is much coarser than the bare charge sandy clay. However, since 
both materials are predominately clay and in a near saturated state, their behaviors will be 
dominated by the material finer than the #200 sieve. The sandy clay is considered to be a 
reasonable match to the “target” material. 
Five experiments were conducted that employed a wet clay testbed as shown in 
Figures 4.1 and 4.2. The dimensions of the testbeds were the same in all experiments, i.e., 
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12 ft by 12 ft by 4.5-ft deep. Prior to the first experiment, an excavation was made below 
the gage support structure (Figure 5.14). A plastic liner was placed in the excavation to 
avoid cross contamination between the native soil and the selected backfill and to aid in 
maintaining the water content of the select backfill at the as-constructed values. Then the 
backfill was placed and compacted for the first experiment. For subsequent experiments, 
the disturbed soil was removed, and the resulting void from the explosive-induced crater 
was filled by placing and compacting additional clay. 
The specification for the range of allowable water contents and densities for the 
as-placed clay backfill are shown in Figure 5.15. The allowable water contents range 
from 22 to 24%, and allowable dry densities range from 96 to 100 pcf. A sufficient 
amount of sandy clay to complete the five testbeds was obtained and stockpiled at the 
site. The material was spread on a concrete mixing pad and thoroughly mixed with a 
large commercial tiller, and water content measurements were made at a number of 
locations in the material. Water was added to the clay as needed to get the clay to the 
correct water content, and the soil was remixed, stockpiled, and covered with 
polyethylene to prevent the loss or gain of moisture. 
For each lift, clay was placed on the previous lift to a thickness of approximately 
6 in. The lift was then compacted with a minimum of three passes with a “jumping jack” 
compactor (Figure 5.16) resulting in a final lift thickness of approximately 4 in. After 
each lift was compacted, one to five measurements of wet density with a nuclear 
moisture-density gage and samples of the clay were obtained from mid-depth in the lift 
for microwave and standard oven-dried water content measurements. Determination of 
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acceptance or rejection of each lift was based on a calculation of the mean dry density 
and microwave water content. If the mean dry density and water content were not within 
the predetermined specification, the lift was not accepted, and adjustments to the lift were 
made until it was satisfactory.  
Although microwave water content measurements were used in quality control, 
standard oven-dried water content values were used to determine the final as-placed 
conditions of the compacted layers. The average measured wet density, water content, dry 
density, and calculated percent air voids (using the specific gravity of 2.72) for each lift 
are plotted versus depth in Figure 5.17 for all five testbeds. The average values for water 
content and dry density from each testbed are compared with the backfill placement 
specification in Figure 5.18, which shows that the placement specifications were met. The 
average wet densities from all testbeds ranged from 120.5 to 122.0 pcf, the water contents 
ranged from 22.1 to 23.9%, the dry densities ranged from 97.2 to 99.9 pcf, and the air 
voids ranged from 4.5 to 6.2%. Several disturbed, 5-gal-bucket samples were obtained 





Figure  5.12 Comparison of grain-size distributions for  
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Figure 5.13 Results of sandy clay standard Proctor compaction test compared to the 
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Figure 5.15 Specification for construction of wet sandy clay testbeds. 
 
 







































Figure 5.18 Comparison of quality control test results with backfill placement 
specifications for the wet sandy clay backfills. 
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Selection and Placement of Dry Sand Material 
The soil selected to represent the poorly graded sand (SP) DEMODRY1 “target” 
material was a concrete sand purchased from a local supplier in the Fort Polk, LA area. 
Samples of the concrete sand were obtained and sent to ERDC, where grain-size 
distribution, specific gravity, and relative density tests (using procedures in U.S. Army 
Corps of Engineers 1980) were conducted to define the soils and their compaction 
characteristics. The grain-size distribution for the concrete sand is compared with the 
grain-size distribution for the target material in Figure 5.19. The maximum relative 
density test results for the concrete sand are compared with the maximum relative density 
test results for the “target” material in Figure 5.20. The concrete sand was classified 
according to the Unified Soil Classification System as a poorly graded sand (SP) with a 
specific gravity of soil solids of 2.67. The soil classifications and specific gravities for the 
concrete sand and DEMODRY1 “target” material are identical, and the particle size 
distributions and the maximum relative density test results for the two materials are very 
similar. The concrete sand is slightly coarser and has slightly lower maximum densities, 
but this is considered to be a reasonable match to the “target” material. 
Five experiments were conducted that employed a dry sand testbed as shown in 
Figures 4.1 and 4.2. The dimensions of the testbeds were the same in all experiments, 12 
ft by 12 ft by 4.5-ft deep. Prior to the first experiment, an excavation was made below the 
gage support structure (Figure 5.21). A plastic liner was placed in the excavation to avoid 
cross contamination between the native soil and the selected backfill and to aid in 
maintaining the water content of the select backfill at the as-constructed values. Then the 
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backfill was placed and compacted for the first experiment. For subsequent experiments, 
the disturbed soil was removed, and the resulting void from the explosive-induced crater 
was filled by placing and compacting additional sand. 
The specification for the range of allowable water contents and densities for the 
as-placed sand backfill are shown in Figure 5.22. The allowable water contents range 
from 3% to 5%, and allowable dry densities range from 104 to 108 pcf. A sufficient 
amount of sand to complete construction of the five testbeds was stockpiled at the test 
site. After the sand was thoroughly mixed with a front-end loader, water content 
measurements were obtained at a number of locations in the stockpile. Water was added 
to the sand as needed to get the sand to the correct water content, and the soil was 
remixed, stockpiled, and covered with polyethylene to prevent the loss or gain of 
moisture. 
For each lift, sand was placed in a loose condition to a thickness of approximately 
8 in. The lift was then compacted with a minimum of three passes with a vibratory 
compactor (Figure 5.23) resulting in a final lift thickness of approximately 6 in. After 
each lift was compacted, one to five quality control measurements of wet density were 
made with a nuclear moisture-density gage, and samples of the sand from mid-depth in 
the lift were obtained for microwave and standard oven-dry water content measurements. 
Determination of acceptance or rejection of each lift was based on a calculation of the 
mean dry density with the microwave water content. If the mean dry density and water 
content were not within the specifications, the lift was not accepted, and adjustments to 
the lift were made until the specifications were satisfied.  
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Although microwave water content measurements were used in quality control, 
standard oven-dried water content values were made and used to determine the final 
as-placed conditions of the compacted layers. The average values of wet density, water 
content, dry density, and calculated percent air voids for each lift from all five testbeds 
are plotted versus depth in Figure 5.24. The wet densities ranged from 108.4 to 112.0 pcf, 
the water contents ranged from 3.0 to 4.2%, the dry densities ranged from 104.4 to 107.5 
pcf, and the air voids ranged from 28.2 to 30.9%. The average values for water content 
and dry density for all lifts are compared with the backfill placement specification in 
Figure 5.25, which shows that placement specifications were met for each lift. Several 
disturbed, 5-gal-bucket samples were obtained from each testbed and returned to ERDC 
for subsequent laboratory material property testing.   
   







































































































Figure 5.22 Specification for construction of dry sand backfills. 
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Figure 5.25 Comparison of quality control test results with backfill placement 
specifications for the dry sand backfills. 
 
Laboratory Property Tests 
 
Composition Property Tests 
A minimum of 11 remolded soil specimens were tested for each soil type for the 
purpose of conducting mechanical property tests. Prior to conducting the mechanical 
property tests on the three different soil types, the height, diameter, and weight of each 
remolded test specimen were determined. These measurements were used to compute the 
specimen’s wet, bulk, or “as-tested” density. Measurements of posttest water content 
were conducted in accordance with procedures given in U.S. Army Corps of Engineer 
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(1980). The values of dry density, porosity, degree of saturation, and volumes of air, 
water, and solids were calculated from the values of posttest water content, wet density, 
and specific gravity.  
The silty sand (intermediate) soil specimens had a mean wet density of 125.6 pcf, 
a mean water content of 12.7%, a mean dry density of 111.5 pcf, and a mean air voids of 
10.9%. These values are very close to the target values of 125.4 pcf, 13.0%, 110.9 pcf, 
and 10.8%, respectively, which implies that the mechanical property test results should 
reasonably represent the responses of the silty sand testbeds.   
The clay soil specimens had a mean wet density of 123.0 pcf, a mean water 
content of 24.0%, a mean dry density of 99.2 pcf, and a mean air voids of 3.4%. These 
values are sufficiently close to the target values of 121.2 pcf, 23.1%, 98.4 pcf, and 5.6%, 
respectively, so that recommended properties (developed from the mechanical property 
test results with small adjustments) will reasonably represent the responses of the clay 
testbeds. 
The sand soil specimens had a mean wet density of 110.2 pcf, a mean water 
content of 3.88%, a mean dry density of 106.3 pcf, and a mean air voids of 29.8%. These 
values are essentially the same as the target values of 109.8 pcf, 4.0%, 105.6 pcf, and 
29.8%, respectively, which implies that the mechanical property test results should 
replicate the responses of the sand testbeds quite well. 
Mechanical Property Tests 
The mechanical property tests were conducted quasi-statically with axial strain 
rates on the order of 10-4 to 10-5/sec and times to peak load on the order of 5 to 30 min. 
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Mechanical property data were obtained under several stress and strain paths. Undrained 
compressibility data were obtained during the hydrostatic loading phases of the triaxial 
compression (TXC) tests and from the hydrostatic compression (HC) tests. Shear and 
failure data were obtained from unconsolidated-undrained TXC tests. One-dimensional 
compressibility data were obtained from undrained uniaxial strain (UX) tests with lateral 
stress measurements. The terms undrained and unconsolidated signify that no pore fluid 
(liquid or gas) was allowed to escape or drain from the membrane-enclosed specimens. 
Table 5.2 presents the completed test matrix for the testbed soils. This table lists the types 
of tests conducted, the number of tests, the test specimen numbers, and the nominal peak 





Table 5.2 Completed test matrix. 






INTERMEDIATE TEST MATRIX 
Hydrostatic 
Compression 
2 3,4 24,000 
Triaxial 
Compression 
1 5 362.5 
2 6, 7 725 
1 8 1,450 
1 9 2,540 
2 10, 11 7,250 
- - - 
UX Strain 2 1, 2 24,000 
Total # Tests 11   
CLAY TEST MATRIX 
Hydrostatic 
Compression 
2 2, 6 2,900 
Triaxial 
Compression 
1 3 145 
2 4, 5 362.5 
2 7, 8 725 
1 9 1,450 
1 10 2,900 
- - - 
UX Strain 2 11, 12 2,900 
Total # Tests 11   
SAND TEST MATRIX 
Hydrostatic 
Compression 
2 1, 2 74,000 
Triaxial 
Compression 
1 3 730 
1 4 1,450 
1 5 5,080 
2 6, 7 7,250 
1 8 29,000 
3 9, 10, 11 58,000 
UX Strain 2 12, 13 74,000 




A detailed description of the specimen preparation, the test devices used, and the 
instrumentation used in the mechanical property testing for the intermediate silty sand 
soil is provided in Ehrgott et al. (2010e), for the wet clay soil in Ehrgott et al. (2010b), 
and for the dry sand soil in Ehrgott et al. (2010a). Provided in all three technical reports is 
a detailed description of the tests performed and the individual results obtained for each 
specimen. The hydrostatic compression test results are presented in four plots: (1) mean 
normal stress versus volumetric strain, (2) mean normal stress versus axial strain, 
(3) radial versus axial strain, and (4) mean normal stress versus radial strain. The triaxial 
compression and uniaxial strain tests are also displayed in four plots: (1) principal stress 
difference versus mean normal stress, (2) principal stress difference versus axial strain, 
(3) volumetric strain versus mean normal stress, and (4) volumetric strain versus axial 
strain. 
 
Recommended Mechanical Properties 
In the three technical reports referenced above, the results of mechanical property 
tests conducted on remolded specimens of the three soil types used in the experiments 
with water contents and densities approximately equal to those measured during field 
placement were presented in detail. From this information, an analysis of the mechanical 
property data was performed to determine recommended properties for the three backfills 
for use in comparisons and analyses with the aboveground load environments created by 
detonating surface and shallow buried charges.  
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Intermediate Silty Sand 
The idealized values of wet density, water content, dry density, and air voids 
content from the silty sand field measurements and the average values from the 
laboratory mechanical property test specimens are essentially the same as shown in 
Table 5.3. Figures 5.26 through 5.29 compare the recommended UX stress-strain relation, 
UX mean normal stress-volumetric strain relation, TXC failure relation, and UX stress 
path, respectively, for the silty sand testbeds with the appropriate mechanical property 
data. The recommended mechanical properties were developed to reflect the idealized 
backfill composition properties in Table 5.3. As shown in Figures 5.26 and 5.27, the 
recommended UX axial stress-axial strain and mean normal stress-volumetric strain 
responses closely followed the UX data. The recommended properties were constructed 
to saturate at an axial strain of 10.8% to conform to the 10.8% calculated air voids from 
the silty sand testbeds. The recommended silty sand TXC failure relation (Figure 5.28) is 
a best fit to the TXC failure data. The failure surface exhibits a frictional Mohr-Coulomb 
surface up to a principal stress difference of 310 psi and mean normal pressure of 465 psi, 
where the initial on-set of full saturation occurs. The material becomes fully saturated at a 
principal stress difference of 364 psi and mean normal stress of 1,250 psi. For mean 
normal stress above 1,250 psi, the stress difference remains constant at 364 psi, and the 
material exhibits saturated Von Mises behavior.  The initial slope of the failure relation 
implies a Coulomb friction angle of 35.2 deg. 
Figure 5.29 compares the UX stress path data and the TXC failure data with the 
recommended failure relation and UX stress path. The loading UX stress path data 
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depicts an initial Poisson’s ratio of 0.4. This is consistent with the recommended failure 
relation in that the stress path lies below the failure relation. The stress path data exceed 
the stress state defined by the failure relation at and above a mean normal stress of 870 
psi and continues on a slope that implies a loading Poisson’s ratio of 0.49 up to the 
maximum applied mean normal stress of approximately 24,000 psi. The failure relation is 
a limiting condition, in that stress states cannot occur outside of the region defined by the 
failure relation. In order to construct a recommended UX stress path compatible with the 
TXC failure data and the recommended failure relation, the recommended loading stress 
path follows the stress path data up to the point where the data intersect the failure 
relation and then becomes coincident with the failure relation with increases in mean 
normal stress. The unloading value of Poisson’s ratio was set equal to the loading value 
of 0.4. Recommended mechancial properties for the silty sand testbeds are shown in 
Figures 5.30 through 5.33 along with their recommended classification and composition 
properties. 
 
Table 5.3 Summary of composition data from silty sand field measurements 











Backfill 125.4 13.0 110.9 10.8 
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Figure 5.26 Recommended UX stress-strain relation compared with the  

























Recommended UX Pressure-Volume Relation
 
Figure 5.27 Recommended UX pressure-volumetric strain relation compared with the 
silty sand UX test data. 
  
120 





































Figure 5.28 Recommended TXC failure relation compared with the silty sand test data. 
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Figure 5.29 Recommended UX stress-path and failure relations compared with  




















Classification: Silty Sand (SM)
Specific Gravity: 2.69
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Figure 5.31 Recommended UX mean normal stress-volumetric strain relations for 
intermediate-air-voids silty sand testbeds. 
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Figure 5.32 Recommended TXC failure relation for intermediate-air-voids 
silty sand testbeds. 
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Figure 5.33 Recommended UX stress-path relations for intermediate-air-voids  





The mean wet densities, water contents, dry densities, and air voids from the wet 
clay field measurements and the laboratory mechanical property test specimens are 
shown on Table 5.4 The mean wet density, dry density, water content, and air voids  for 
the laboratory specimens were 123.0 pcf, 99.2 pcf, 24.0%, and 3.4%, respectively, and 
the mean measured field values were 121.2 pcf, 98.4 pcf, 23.1% and 5.6%, respectively. 
Figures 5.34 through 5.37 compare the recommended UX stress-strain relation, UX mean 
normal stress-volumetric strain relation, recommended TXC failure relation, and 
recommended UX stress path, respectively, for the wet clay testbeds with the appropriate 
mechanical property data. The recommended mechanical properties were developed to 
conform to the field backfill composition properties shown in Table 5.4. As shown in 
Figures 5.34 and 5.35, the recommended UX axial stress-axial strain and mean normal 
stress-volumetric responses closely followed the initial loading slope and the slope after 
lockup (after full saturation) depicted by the UX data from specimen 12. However, the 
recommended properties were constructed to saturate at an axial strain of 5.6% to 
conform with the average air voids measured on the clay testbeds rather than the air voids 
of approximately 3.4% represented by the laboratory data.  
The first step in the process to develop a recommended wet clay TXC failure 
relation consisted of developing a best fit to the TXC failure points (for the 3.4% air-void 
condition) as shown in Figure 5.36. The recommended TXC failure relation was then 
developed for the field measured 5.6% air-void condition using the best fit failure relation 
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as a guide. The recommended failure surface depicts a frictional, Mohr-Coulomb surface 
up to a principal stress difference of 16 psi at a mean normal pressure of 130 psi where 
the initial onset of full saturation occurs. The material becomes fully saturated at a 
principal stress difference of 17.4 psi and a mean normal pressure of 270 psi. Above the 
270 psi mean normal stress level, the stress difference remains constant at 17.4 psi, i.e., 
the material exhibits saturated “Von Mises” behavior for loadings above a mean normal 
stress of 270 psi.  
Figure 5.37 compares the UX stress path data from specimens 11 and 12 and the 
TXC failure data with the recommended failure relation and the recommended UX stress 
path. The UX stress path data from specimens 11 and 12 depict a stress path with an 
initial loading Poisson’s ratio of 0.4 that agrees with the recommended failure relation in 
that the stress path plots below the failure relation. The stress path data imply 100% 
saturation at a mean normal stress of approximately 500 psi and a principal stress 
difference of approximately 6 psi; this  level of constant principal stress difference 
(approximately 6 psi) is less than the von Mises limit (approximately 14 psi). In order to 
construct a recommended UX stress path compatible with the qualitative behavior of the 
best fit to the TXC failure data and the recommended failure relation for the 5.6% air-
voids field conditions, the recommended stress path followed the initial slope implied by 
a Poisson’s ratio of 0.44  up to the point where it intersected the recommended failure 
surface. It then was made coincident with this failure surface. The unloading value of 
Poisson’s ratio was set equal to the loading value of 0.44. Recommended mechanical 
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properties for the wet clay testbeds are shown in Figures 5.38 through 5.41 along with 
their recommended classification and composition properties. 
 
Table 5.4 Summary of wet clay mean composition property data from  













Field 121.2 23.1 98.4 5.6 
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BC UX Test 12
Recommended UX Stress-Strain Relation
 
Figure 5.34 Recommended UX stress-strain relation compared with wet sandy clay 























BC UX Test 11
BC UX Test 12
Recommended UX Pressure-Volume Relation
 
Figure 5.35 Recommended UX mean normal stress-volumetric strain relation 
compared with wet sandy clay test data. 
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Figure 5.36 Recommended TXC failure relation compared with wet sandy clay test 
data.  
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Figure 5.37 Recommended TXC failure relation and UX stress path compared with 
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Figure 5.40  Recommended TXC failure relation for wet sandy clay testbeds. 
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The values of wet density, water content, dry density, and air voids content for the 
DEMODRY1 target material, the mean values from the field quality control 
measurements, and the mean values from the laboratory mechanical property test 
specimens are essentially the same as shown in Table 5.5. The grain-size distributions are 
also similar for the DEMODRY1 and dry sand materials (Figure 5.19). The specific 
gravity, 2.67, and the classification, poorly graded sand (SP), are the same for both 
materials. Figures 5.42 through 5.45 compare the recommended UX stress-strain relation, 
UX mean normal stress-volumetric relation, the recommended TXC failure relation, and 
the recommended UX stress path, respectively, for the dry sand testbed with the 
respective dry sand mechanical property data and DEMODRY1 responses. The 
recommended mechanical properties were developed to conform to the dry sand backfill 
composition properties in Table 5.5. The intent was to develop the recommended 
properties up to the stress levels at which 100% saturation occurs. The mechanical 
property data were limited by the test equipment to a maximum axial stress of about 
150,000 psi, a maximum mean normal stress of about 100,000 psi, a maximum principal 
stress difference at failure of about 130,000 psi, and a maximum principal stress 
difference in UX stress path space of about 80,000 psi. Full saturation did not occur at 
these stress levels. The DEMODRY1 responses that extended to full saturation were used 
to guide the responses of the recommended properties above the maximum stress levels 
for mechanical property data. The recommended UX stress-strain and mean normal 
stress-volumetric responses (Figures 5.42 and 5.43) closely follow the dry sand data up to 
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the limits of the data and then extend to higher pressures parallel to the DEMODRY1 
response. The recommended dry sand failure surface (Figure 5.44) closely follows the 
TXC failure data up to the limits of the data and then merges into and becomes coincident 
with the DEMODRY1 response at a limiting principal stress difference of 145,000 psi. 
Likewise, the recommended dry sand UX stress-path relation (Figure 5.45) closely 
follows the UX stress path data up to the limits of the data and then merges into and 
becomes coincident with the DEMODRY1 response at a limiting stress difference of 
145,000 psi. The recommended mechanical properties for the dry sand testbeds are 
shown in Figures 5.46 through 5.49 along with their recommended classification and 
composition properties. 
 
Table 5.5 Summary of mean composition data from dry sand field measurements 














DEMODRY 1 109.7 4.0 105.5 30.0 
Bare Charge-Field 109.8 4.0 105.6 29.8 
Bare Charge-Lab 110.2 3.8 106.2 29.8 
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Figure 5.42 Recommended UX stress-strain relation for dry sand compared with the 


























BC UX PV Data 12
BC UX PV Data 13
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Recommended  UX Pressure-Volume Relation
 
Figure 5.43 Recommended UX mean normal stress-volumetric relation for dry sand 
compared with the laboratory test data and DEMODRY1 model. 
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Figure 5.44 Recommended TXC failure relation for dry sand compared with the 
laboratory test data and DEMODRY1 model. 
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Figure 5.45 Recommended UX stress-path relation for dry sand compared with the 
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Classification: Poorly Graded Sand (SP)
Specific Gravity: 2.67
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Figure 5.47 Recommended UX mean normal stress-volumetric relation for the  
dry sand testbeds. 
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Figure 5.48 Recommended TXC failure relation for dry sand testbeds. 
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Figure 5.49 Recommended UX stress-path relation for dry sand testbeds. 
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A summary of the representative values of wet density, water content, dry density, 
and calculated air voids content for each of the three backfill types is in Table 5.6.  
 















Intermediate 125.4 110.9 13.0 10.8 
Clay 121.2 98.4 23.1 5.6 









RESULTS OF EXPERIMENTS 
 
A series of experiments was performed using the IMD in the fall of 2008 and 
spring of 2009. The general geometry and configuration of the experiments were shown 
in Figures 4.1 and 4.2. The primary variables for the experiments were the depth of burial 
of the explosive charge and the backfill soil type. The primary objective was to determine 
the influence of soil properties on the aboveground blast environment produced by the 
detonation of a bare charge placed at elevations ranging from sitting on the ground 
surface to shallow burial. The goal was to capture sufficient information during the 
experiments to understand this complex blast environment. Figures 6.1 and 6.2 show 
pretest and posttest photographs, respectively, from one of the IMD experiments. Figure 
6.3 shows snapshots at different times from the high-speed video illustrating the effects 
of the blast on the IMD. Data captured from the instrumentation and high-speed video 







Figure 6.1  Pretest photographs of the IMD testbed. 
 
 




Figure 6.3 Frames from high-speed video of an IMD experiment. 
 
The experiments were divided into three test series. The first test series used the 
intermediate 10.8% air-filled-voids silty sand backfill, the second test series used the 
5.6% air-filled-voids wet clay backfill, and the third test series used the 29.8% air-filled-
voids dry sand backfill. The results from each test series are presented in this chapter and 
are grouped by soil type. Presented are results of backfill quality control tests, testbed 
crater surveys, time-histories of ground shock stress and particle velocity, ground surface 
overpressure, side-on overpressure above the charge, and the responses of the IMD, 
which include the high-speed video, displacement, motion, and total impulse. 
 
Intermediate Silty Sand Soil 
 
Backfill Quality Control Measurements 
The backfill was placed in lifts approximately 6- to 8-in. thick as described in 
Chapter V. Quality control measurements for the as-placed soil were made in each lift. 
These measurements included the wet density obtained with a nuclear moisture-density 
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gage and microwave and oven-dried water contents. The average values for all 
measurements of wet density, oven-dried water content, and calculated dry density in 
each testbed are presented in Table 6.1. For all the intermediate soil experiments, the 
designated value of wet density was 125.4 lb/ft3, and the designated value of water content 
was 13.0%. The calculated dry density was 110.9 lb/ft3, and the calculated air voids content 
was 10.8% based on a specific gravity of 2.69. The soil was classified as a silty sand (SM) 
according to the Unified Soil Classification System as discussed in Chapter IV.  
 
Crater Surveys 
For each of the five intermediate soil experiments, pretest and posttest cross-
sectional surveys were conducted along the primary axes (see Figure 4.9) through the 
GZ. From these surveys, the resulting crater diameter and crater depth were calculated. A 
summary of these data for the intermediate soil testbeds is provided in Table 6.1, which 
includes the experiment number, charge position, average soil composition properties, 
and approximate soil crater diameter and depth. Figures 6.4 through 6.8 present the 
pretest and posttest cross sections for each of the intermediate soil experiments along 
with a photograph of each posttest testbed crater. The crater profile is very symmetric for 
a given test. 
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BM-I-01 TSA 123.7 110.1 12.3 4.10 1.45
BM-I-02 TSB 129.1 113.5 13.7 4.20 1.41
BM-I-03 Buried 126.7 112.2 12.9 4.92 1.88
BM-I-04 TSA 126.4 112.1 12.8 2.80 1.10





Figure 6.4 Photograph and cross-section surveys of testbed crater in BM-I-01. 
(a) Measured posttest crater cross-sections in BM-I-01. 
(b) Photograph of posttest crater in BM-I-01. 
































1.8 Postshot Soil Surface (0° - 180°)





Figure 6.5 Photograph and cross-section surveys of testbed crater in BM-I-02. 








































Postshot Soil Surface (0° - 180°)
Postshot Soil Surface (90° - 270°)
Preshot Soil Surface
(a) Measured posttest crater cross-sections in BM-I-02. 




Figure 6.6 Photograph and cross-section surveys of testbed crater in BM-I-03. 
 
(b)  Photograph of posttest crater in BM-I-03. 
(a) Measured posttest crater cross-sections in BM-I-03. 
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Figure 6.7 Photograph and cross-section surveys of testbed crater in BM-I-04. 
 
(b)  Photograph of posttest crater in BM-I-04. 
(a) Measured posttest crater cross-section in BM-I-04. 
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Figure 6.8 Photograph and cross-section surveys of testbed crater in BM-I-05. 
(b)  Photograph of posttest crater in BM-I-05. 
(a) Measured posttest crater cross-section in BM-I-05. 
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Ground Shock Stress and Particle Velocity 
The intermediate soil test series contained ground shock instrumentation in the 
two experiments with the charge buried 4 in. below the ground surface, i.e., experiments 
BM-I-03 and BM-I-05. The center of each gage was at the same depth, 5.15 in. below the 
ground surface, as the center of the explosive charge. The as-placed gage locations and a 
summary of the measured soil stress and particle velocity data at each gage location in 
the backfill for experiments BM-I-03 and -05 are given in Table 6.2 and include the 
experiment number, gage number, range (radial distance) from GZ, time of shock arrival, 
peak velocity, and peak stress. Selection of the peak amplitude values and the times of 
arrival can be difficult in an environment where reflections are occurring rapidly from a 
number of sources, and gages are undergoing large motions. As always, the values shown 
in Table 6.2 are subject to different interpretations. In some cases, a second peak higher 
or equal to the initial peak was recorded in the time-history records for both the radial 
stress and radial particle velocity. When a second peak was clearly present, it was 
included in the summary table. Possible causes for the second peaks include reflected 
waves from the testbed surface, aboveground pressures traveling along the ground 




























BM-I-03 AR1 3 5.15 0.97 19.8 -- --
BM-I-03 AR2 4 5.15 1.97 5.6 6.7 -- --
BM-I-03 AR3 5 5.15 2.70 3.8 -- --
BM-I-03 SR1 3 5.15 0.73 -- -- 220 --
BM-I-03 SR2 4 5.15 0.96 -- -- 135 --
BM-I-03 SR3 5 5.15 1.67 -- -- 43 43
BM-I-05 AR1 3 5.15 1.26 19.4 -- --
BM-I-05 AR2 4 5.15 2.05 5.2 -- --
BM-I-05 AR3 5 5.15 2.51 6.5 -- --
BM-I-05 SR1 3 5.15 0.91 -- -- 86 --
BM-I-05 SR2 4 5.15 1.15 -- -- 31 32
 
 
Most of the backfill radial stress waveforms recorded in the experiments 
contained some very high-frequency noise transients. The waveforms presented herein 
represent “low-pass-filtered” records that capture the trends but eliminate the noise 
frequencies when present. Figure 6.9 shows a typical waveform as recorded. Using 
digital-signal processing techniques, the data were filtered, and the resulting waveform is 



































Figure 6.9 Example of a measured radial stress record to a “filtered” record. 
 
Soil Stress Measurements 
The radial stress time-histories obtained in the intermediate soil backfill in tests 
BM-I-03 and BM-I-05 at nominal ranges from GZ of 3, 4, and 5 ft are presented in 
Figures 6.10 and 6.11, respectively, to a time of 20 msec. The resulting peak stresses and 
times of arrival follow the expected trend with the 3-ft-range data recording the largest 
peak stress and earliest time of arrival and the 5-ft range data recording the smallest peak 
stress and the latest time of arrival. The peak stresses versus range for tests BM-I-03 and 
BM-I-05 are presented in Figure 6.12. The peak stress value for all three ranges in 




experiment BM-I-05. It is not clear why such a significant difference occurred in the peak 
stress values. Very little ground shock data are available at such a close proximity to the 
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The radial particle velocity time-histories obtained in intermediate soil backfill 
experiments BM-I-03 and BM-I-05 at nominal ranges from GZ of 3, 4, and 5 ft are in 
Figures 6.13 and 6.14, respectively, to a time of 25 msec. The responses were obtained by 
integrating the accelerometer data to obtain particle velocity. The peak velocities and 
times of arrival for test BM-I-03 and BM-I-05 agreed reasonably well with each other. 
The resulting peak particle velocities and times of arrival follow the expected trend, with 
the gages at the 3-ft range recording the largest peak velocities and earliest times of 
arrival and the gages at the 5-ft range recording the latest times of arrival. In test  
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BM-I-05, the times of arrival follow the trend in BM-I-03, but the peak value recorded at 
5-ft was slightly higher than that recorded at 4-ft, 6.52 fps versus 5.19 fps. The peak 
particle velocities versus range for experiments BM-I-03 and BM-I-05 are presented in 
Figure 6.15.  In BM-I-05, the velocity waveforms exhibited a pronounced second peak or 
increase in velocity after the initial velocity rise. This second peak was responsible for the 
higher net peak velocity observed at the 5-ft range in BM-I-05. The second peak is 
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Backfill Ground Shock Arrival Times 
The initial times of arrival for the ground shock measurements in the intermediate 
soil backfill are plotted versus range from the GZ of the charge in Figure 6.16. The times 
of arrival follow the expected trend with an increase in time of arrival with an increase in 
range from the charge. At all three ranges, the times of arrival of the stress occur slightly 
earlier than the times of arrival of the motion. In some records, a clear arrival time was 
not present in the records due to high-frequency noise in the acceleration record or an 
unexplained gradual early rise prior to the sharp rise to peak. Therefore, some 
engineering judgment was required, and the values selected are subject to multiple 
interpretations. 
 



















Figure 6.16 Initial ground shock times of arrival versus range from the CG of the 
charge in the experiment BM-I-03 and BM-I-05 backfills. 
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Ground Surface Overpressure  
Three ground surface overpressure gages were used in all five intermediate soil 
experiments. The gages were located at a range of 8 ft (OP1), 10 ft (OP2), and 14 ft 
(OP3) from GZ. A summary of the measured data from each gage is in Table 6.3. The 
table includes the experiment number, gage number, range from GZ, time of shock 
arrival, peak overpressure, time of peak overpressure, time to peak (rise time), and peak 
overpressure impulse. The overpressure time-histories obtained at nominal ranges of 8, 
10, and 14 ft in test numbers BM-I-01 through BM-I-05 are presented in Figures 6.17 
through 6.21, respectively. The times of arrival of the overpressure versus range, the peak 
overpressure versus range, and the time of arrival of the peaks versus range are presented 
in Figures 6.22 through 6.24, respectively. In all but one location, the results followed the 
expected trend with the peak overpressure decreasing with range. The exception occurred 
in experiment BM-I-05 at the 10-ft range where the recorded peak value at 10-ft range 
was higher than that at the closer range of 8 ft. This was likely a singular case of 
additional peak enhancement due to pressure reflection off the IMD. When the results of 
BM-I-05 are compared with the results of BM-I-03, both with the explosive charge 
buried 4-in., the results compare reasonably well at the 8 ft and 14 ft ranges. This 
variation may be the result of reflections off the IMD impact plate in BM-I-05. The times 
of arrival of the shocks and the times of arrival of the peaks followed the expected trend 
with the arrival time increasing with range from GZ. The experiments with the charge 
buried 4 in., BM-I-03 and -05, had a significant increase in the arrival times at the same 
ranges when compared with experiments with the charge resting on the surface, TSA, and 
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buried surface flush, TSB. Comparing results from experiments with the IMD versus 
results from identical experiments without the device, those with the IMD exhibited 
higher peak airblast overpressure in every case. This was due to airblast reflection off the 
IMD, which enhanced the airblast pressures near the ground surface.  
 






















BM-I-01 OP - 1 8 1.57 36.7 1.70 0.13 0.023
BM-I-01 OP - 2 10 2.66 24.0 2.75 0.09 0.021
BM-I-01 OP - 3 14 5.20 10.8 5.33 0.13 0.019
BM-I-02 OP - 1 8 3.19 17.5 3.31 0.12 0.017
BM-I-02 OP - 2 10 4.43 15.3 4.53 0.11 0.016
BM-I-02 OP - 3 14 7.07 10.7 7.19 0.12 0.014
BM-I-03 OP - 1 8 5.34 7.1 5.47 0.13 0.006
BM-I-03 OP - 2 10 6.83 5.5 6.99 0.16 0.006
BM-I-03 OP - 3 14 9.97 4.0 10.13 0.16 0.005
BM-I-04 OP - 1 8 1.59 49.9 1.72 0.12 0.031
BM-I-04 OP - 2 10 2.51 28.1 2.66 0.15 0.024
BM-I-04 OP - 3 14 4.91 18.9 5.04 0.13 0.018
BM-I-05 OP - 1 8 4.36 9.5 4.46 0.10 0.006
BM-I-05 OP - 2 10 5.57 12.7 5.67 0.10 0.010





















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14ft
 
Figure 6.17 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 























OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.18 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 



























OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.19 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 


























OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.20 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 





















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.21 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 
from experiment BM-I-05. 
 




















Figure 6.22 Ground surface overpressure times of arrival versus range for experiments 








































Figure 6.23 Ground surface peak overpressure versus range for experiments BM-I-01 
through BM-I-05. 




















Figure 6.24 Ground surface peak overpressure times of arrival versus range for 
experiment BM-I-01 through BM-I-05.  
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Aboveground Side-on Overpressure  
Intermediate soil experiments BM-I-01, BM-I-02, and BM-I-03 were conducted 
with a series of five side-on overpressure gages above the testbed surface. For all three 
experiments, the standoff distance between the top of the charge and a horizontal plane 
through the side-on overpressures gages was held constant at 20 in. The gages were 
located in line so that one gage was directly above the charge, two had a horizontal offset 
of 18 in., and two had a horizontal offset of 36 in. A summary of the aboveground side-on 
overpressure data for the intermediate soil experiments is in Table 6.4. The table includes 
the experiment number, the gage number, horizontal range from GZ (vertical range held 
constant at 20 in.), range from the GZ, shock time of arrival, peak overpressure, time of 
peak pressure, rise time, and peak overpressure impulse. The stress time-histories 
obtained from the side-on overpressure gages in experiments BM-I-01, BM-I-02, and 
BM-I-03 are presented in Figures 6.25 through 6.32. The two redundant gages at 18 and 
36 in. are shown on the same plots. The shock times of arrival versus range and the peak 
side-on overpressure stresses versus range for the three experiments are presented in 
Figures 6.33 and 6.34, respectively.  
The center gage, SOP3, in experiment BM-I-02 was damaged during the 
experiment and did not provide useful data. As expected, the center gages, SOP3, directly 
over the charge and the closest in proximity to the charge, recorded the highest peak 
overpressures compared to the values from gages offset 18 and 36 in. For a given 
experiment, the gages at 18-in. offset also recorded higher peak pressures when compared 
to the peaks from gages at 36-in. offset. The comparisons of the data from redundant 
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gages at the 18 and 36-in. offsets agreed reasonably well. There was a small variation in 
the peak overpressure in the 18-in.-offset gages in experiment BM-I-03. When the results 
of the various experiments are compared, the charge buried 4 in., BM-I-03, had a 
significant reduction in the peak overpressure (Figure 6.34) and a significant increase in 
the shock arrival times (Figure 6.33) compared with the experiments with the charge 
resting on the surface, TSA, and buried, TSB, at the same ranges.  
 
























BM-I-01 SOP-1 36 41.75 0.47 132.3 0.49 0.03 0.032
BM-I-01 SOP-2 18 27.77 0.28 232.7 0.34 0.05 0.030
BM-I-01 SOP-3 0 21.15 0.13 2397.9 0.15 0.03 0.087
BM-I-01 SOP-4 18 27.77 0.23 229.3 0.25 0.02 0.029
BM-I-01 SOP-5 36 41.75 0.51 154.8 0.56 0.05 0.026
BM-I-02 SOP-1 36 41.74 0.63 65.9 0.66 0.03 0.012
BM-I-02 SOP-2 18 27.77 0.23 373.5 0.25 0.02 0.025
BM-I-02 SOP-3 0 21.15 -- -- -- -- --
BM-I-02 SOP-4 18 27.77 0.24 311.7 0.27 0.03 0.022
BM-I-02 SOP-5 36 41.75 0.68 69.9 0.72 0.05 0.012
BM-I-03 SOP-1 36 41.74 1.77 16.0 1.80 0.03 0.006
BM-I-03 SOP-2 18 27.77 0.90 42.7 1.00 0.09 0.009
BM-I-03 SOP-3 0 21.15 0.42 385.7 0.65 0.23 0.173
BM-I-03 SOP-4 18 27.77 0.88 29.9 0.99 0.11 0.009

























Figure 6.25 Side-on overpressure time-history directly above the charge GZ in 
























Figure 6.26 Side-on overpressure time-histories at a horizontal range of 18 in. from the 

























Figure 6.27 Side-on overpressure time-histories at a horizontal range of 36 in. from 
























Figure 6.28 Side-on overpressure time-histories at a horizontal range of 18 in. from 



























Figure 6.29 Side-on overpressure time-histories at a horizontal range of 36 in. from 

















































Figure 6.31 Side-on overpressure time-histories at a horizontal range of 18 in. from 
























Figure 6.32 Side-on overpressure time-histories at a horizontal range of 36 in. from 































Figure 6.33. Shock times of arrival versus range from side-on overpressure gages in 










































Impulse Measurement Device 
 
Piston Impulse 
Two of the intermediate soil experiments, BM-I-04 and BM-I-05, were conducted 
using the IMD to measure the total impulse imparted to the impact plate of the piston 
assembly. For both experiments, the stand-off distance between the top of the charge and 
the face of the IMD impact plate was held constant at 20 in. The total mass of the IMD 
piston assembly for both experiments was approximately 5,500 lbs with an impact plate 
surface area of 7.07 ft2 (3-ft diameter). During the experiments, the motion of the IMD 
piston assembly was captured using three independent methods, i.e., an accelerometer 
located on the IMD piston assembly, a displacement measurement gage (yo-yo gage) 
located on the top of the support structure, and high-speed video. In both tests, 
measurements using the yo-yo gage were unsuccessful. The high-speed video was the 
best source for data on IMD motion. Due to the high initial acceleration of the IMD 
piston assembly, the yo-yo gage was not dependable in capturing useful data. The 
accelerometer was partially successful, but it did experience some high-frequency noise 
and data shifts that made it difficult to select peak displacements and initial velocities 
from the records.  
A summary of the IMD measured data obtained for the intermediate soil 
experiments is in Table 6.5. The table includes the peak displacements determined from 
the three measurement systems and the initial velocity captured both in the high-speed 
video and from integration of the acceleration record. The average displacement shown in 
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the summary table is the average of the displacements measured by various methods 
where data are available. Due to the high-frequency noise in the acceleration records, the 
initial velocities captured by the accelerometers are suspect. The initial velocity captured 
from the high-speed video is the primary value used in the impulse calculations. As a 
method to compare the different measurement values, the peak displacement is also 
calculated using the initial velocity captured from the high-speed video. The calculations 
are explained in detail in Chapter III. The peak displacements calculated from the 
measured initial velocity values compare reasonably well with the average measured 
peak displacement values. No useful data were obtained from the yo-yo gage during the 
intermediate soil experiments. Corrections were made to the yo-yo gage set-up between 
each experiment, but initial velocities of the IMD assembly appeared to exceed the ability 
of the gage to accurately track displacement. For experiment BM-I-05, the final posttest 
position of the IMD piston assembly was resting on the safety catch at 18-in. above its 
pretest position. Since the safety catch collar-to-collar distance was 4-5/16 in., the total 
piston displacement could be estimated as between 18 in. and 22-5/16 in. A significant 
data shift was recorded in the acceleration records on both experiments. Before selecting 
the peak displacement and initial velocity, the record was corrected using the timing 










Peak Displacement, in. 
Average 
Displace-
ment,  in. 























BM-I-04 -- 2.20 1.74 1.97 3.10 4.60 1.90 
BM-I-05 -- 20.73 23.6 22.17 10.82 12.6 21.8 
 
 
Using the initial velocity obtained for the high-speed video, the total impulse 
imparted to the IMD piston assembly was calculated (Table 6.6). The calculated impulse 
is the total impulse and is directly related to the surface area of the impact plate. The 
mass of the IMD piston assembly used to calculate the impulse was 5,600 lb, which 
accounts for the weight of the system and the approximate dynamic drag in the system 
due to friction. The method used to calculate the total impulse is explained in detail in 
Chapter III. As seen in Table 6.6, the total impulse imparted to the IMD increased by a 
factor of 3.4 when the charge position changed from sitting on the surface to buried 4 in. 




Table 6.6 Total impulse imparted to the IMD. 
Experiment 
Number Charge Position 







BM-I-04 Sitting on Surface 3.10 1.97 545 
BM-I-05 Buried 10.8 22.17 1880 
Notes      
1) Initial velocity obtained from the high-speed video.    
2) Peak impulse calculated using the initial velocity of the system. Impulse directly related to target 




Impact Plate Pressure Measurements 
The three pressure transducers flush-mounted on the bottom plate of the piston 
assembly (gages RP1, RP2, and RP3) were an attempt to measure the reflected pressure 
on the surface of the impact plate. Due to the extremely harsh environment from the soil, 
airblast, and detonation products at this close proximity to the charge, the pressure data 
obtained were somewhat limited. The three gages included one PCB gage and two Kulite 
gages. The gages were equal distance from the charge at a 2-½-in. radius off the center of 
the IMD impact plate. Two different Kulite gage cover plates were utilized during the test 
in an attempt to deflect the loading by soil particles and/or detonation products. No useful 
data were collected from the PCB gage. PCB gages are typically more sensitive to 
accelerations and were also exposed directly to the airblast and soil particles while the 
Kulite gages used a debris filter.  
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The pressure time-histories obtained from Kulite gages RP2 and RP3 from 
experiments BM-I-04 and BM-I-05 are presented in Figures 6.35 and 6.36, respectively. 
The pressure data recorded by the two Kulite gages in experiment BM-I-04 compared 
very well with each other. The pressure data recorded by the two Kulite gages in 
experiment BM-I-05 had different peak values. The RP-3 peak pressure was 
approximately three times higher than that measured by the RP-2 gage. Experiment BM-
I-05 had the charge fully buried in the soil and produced a much more complex loading 
condition. The differences in the pressure gage records could have been the result of the 
soil ejecta partially clogging the debris cover of the RP-2 gage and disrupting the 
pressure transmitted to the sensor. Gage RP-3 in experiment BM-I-05 recorded results 
very similar to those measured by both gages in BM-I-04 except for a later time or arrival 

























































Accelerometer SAV1 was mounted on the IMD piston assembly, and 
accelerometer SAV2 was mounted on the IMD support structure. The accelerometer on 
the piston assembly was an attempt to measure the motion, i.e., velocity and 
displacement, of the piston assembly. The accelerometer mounted on the support 
structure was an attempt to capture the global motion of the support frame. The 
accelerometers experienced a significant high-frequency ringing during the experiments. 
In some cases, this noise overwhelmed the data, and/or a significant data shift occurred in 
the record, which made it difficult to extract useful information. Several attempts were 
made to modify the gage mounts to help isolate this high-frequency noise, but limited 
improvements were seen in the data.  
The integrated velocity and double-integrated displacement time-histories from 
the accelerometers in experiments BM-I-04 and BM-I-05 are presented in Figures 6.37 
through 6.40. The accelerometer on the support structure recorded the oscillation of the 
support structure produced by the blast load. The maximum displacement obtained in 
both experiments was less than 1/8 in. The accelerometers on the IMD piston assembly 
recorded a significant data shift in both experiments. The records shown in Figures 6.37 
and 6.39 were corrected by matching the times of peak displacement captured in the 
high-speed video. The resulting peak displacements and initial velocities from the 
integrated acceleration data (see Table 6.5) compared reasonably well with the values 




 Figure 6.37 Velocity and displacement time-histories from integrated accelerometer 
SAV1 data in experiment BM-I-04. 
 
Figure 6.38 Velocity and displacement time-histories from integrated accelerometer 




Figure 6.39 Velocity and displacement time-histories from integrated accelerometer 
SAV1 data in experiment BM-I-05. 
 
Figure 6.40 Velocity and displacement time-histories from integrated accelerometer 
SAV2 data in experiment BM-I-05. 
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Clay Soil  
 
Backfill Quality Control Measurements 
The backfill was placed in lifts approximately 6- to 8-in. thick as described in 
Chapter V. Quality control measurements for the as-placed soil were made for each lift. 
These measurements included the wet density obtained with a nuclear moisture-density 
gage and microwave and oven-dried water contents. The average values for all 
measurements of wet density, oven-dried water content, and calculated dry density in 
each testbed are presented in Table 6.7. For all the clay soil experiments, the mean value 
of wet density was 121.2 lb/ft3, and the mean value of water content was 23.1%. The 
calculated mean dry density was 98.4 lb/ft3, and the calculated mean air voids content 
was 5.6% based on a specific gravity of 2.72. The soil was classified as a sandy clay (CL) 
according to the Unified Soil Classification System as discussed in Chapter V. 
 
Crater Surveys 
For each of the five experiments conducted with the clay soil, pretest and posttest 
cross-sectional grade surveys were conducted along the primary axes through GZ. From 
these surveys, the resulting crater diameter and crater depth were calculated. A summary 
of these data for the clay soil testbeds is provided in Table 6.7, which includes the 
experiment number, charge position, average soil composition properties, and 
approximate soil crater diameter and depth. Figures 6.41 through 6.45 present the pretest 
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and posttest cross sections for each of the clay experiments along with a photograph of 
each posttest testbed crater. 
 



















BM-C-01 TSA 120.5 97.2 23.9 3.82 1.92
BM-C-02 TSB 120.8 98.1 23.2 5.89 2.40
BM-C-03 Buried 120.7 98.3 22.8 7.11 3.10
BM-C-04 TSA 122.0 99.9 22.1 5.41 2.00




Figure 6.41 Photograph and cross-section surveys of testbed crater in BM-C-01. 
(b) Photograph of posttest crater in BM-C-01. 
(a) Measured posttest crater cross sections in BM-C-01. 






































Postshot Soil Surface (0° - 180°)





Figure 6.42 Photograph and cross-section surveys of testbed crater in BM-C-02. 
(b) Photograph of posttest crater in BM-C-02. 









































Postshot Soil Surface (0° - 180°)
Postshot Soil Surface (90° - 270°)
Preshot Soil Surface




Figure 6.43 Photograph and cross-section surveys of testbed crater in BM-C-03. 
 
(b) Photograph of posttest crater in BM-C-03. 
(a) Measured posttest crater cross sections in BM-C-03. 


































Postshot Soil Surface (0° - 180°)





Figure 6.44 Photograph and cross-section surveys of testbed crater in BM-C-04. 
(b) Photograph of posttest crater in BM-C-04. 
(a) Measured posttest crater cross sections in BM-C-04. 


































Postshot Soil Surface (0° - 180°)





Figure 6.45 Photograph and cross-section surveys of testbed crater in BM-C-05. 









































Postshot Soil Surface (0° - 180°)
Postshot Soil Surface (90° - 270°)
Preshot Soil Surface
(b) Photograph of posttest crater in BM-C-05. 
(a) Measured posttest crater cross sections in BM-C-05. 
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Ground Shock Stress and Particle Velocity 
The clay soil test series contained ground shock instrumentation in the two 
experiments with the charge buried 4 in. below the ground surface, i.e., experiments BM-
C-03 and BM-C-05. The center of each gage was at the same depth as the center of the 
explosive charge. The as-placed gage locations and a summary of the measured soil stress 
and particle velocity data at each gage location in the backfill for experiments BM-C-03 
and -05 are given in Table 6.8, which includes the experiment number, gage number, 
range (radial distance) from the charge GZ, time of shock arrival, peak velocity, and peak 
stress. Selection of the peak amplitude values and the times of arrival of peak amplitudes 
can be difficult in an environment where reflections are occurring rapidly from a number 
of sources, and gages are undergoing large motions. As always, the values shown in 
Table 6.8 are subject to different interpretations. In some cases, two peaks were recorded 
in the time-history records for both the radial stress and radial particle velocity. When a 
second peak was clearly present, it was included in the summary table. Possible causes 
for the second peak include reflected waves from the testbed surface, aboveground 




Table 6.8 Ground shock instrumentation summary for clay soil experiments.  













BM-C-03 AR1 3 1.45 17.2 19.3 --
BM-C-03 AR2 4 2.60 7.0 8.8 --
BM-C-03 AR3 5 4.52 3.3 6.3 --
BM-C-03 SR1 3 1.62 -- 240 365
BM-C-03 SR2 4 2.51 -- 76
BM-C-03 SR3 5 3.62 -- 33
BM-C-05 AR1 3 1.67 32.9 38.0 -- --
BM-C-05 AR2 4 3.03 7.5 7.9 -- --
BM-C-05 AR3 5 5.66 4.5 11.4 -- --
BM-C-05 SR1 3 1.82 -- -- 521 552
BM-C-05 SR2 4 3.22 -- -- 66
BM-C-05 SR3 5 6.45 -- -- 31   
 
 
Soil Stress Measurements 
The radial stress time-histories obtained in the clay backfill in experiments BM-
C-03 and BM-C-05 at nominal ranges of 3, 4, and 5 ft are presented in Figures 6.46 and 
6.47, respectively, to a time of 20 msec. The resulting peak stresses and times of arrival 
follow the expected trend with the 3-ft-range data recording the largest peak stress and 
earliest time of arrival, and the 5-ft-range data recording the smallest peak stress and the 
latest time of arrival. The peak stresses versus range from experiments BM-C-03 and 
BM-C-05 are presented in Figure 6.48. The first peak stress value for the 3-ft range in 
experiment BM-C-03 was significantly less than the first peak value recorded in 
experiment BM-C-05. The peak values from the two experiments recorded at the 4- and 
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5-ft ranges were much closer in magnitude. The differences occurring in the peak stress 
values at the 3-ft range between the wet clay (Figures 4.46 and 4.47) and the intermediate 
silty sand (Figures 6.10 and 6.11) are caused by the large stress gradients from the 
“point” source and the differences in the air voids of the 5.6% AFV wet clay and the 
10.8% AFV intermediate material. Very little ground shock data are available for an 
explosive charge detonated at such a close proximity to the ground surface, so it is 

























































































The radial particle velocity time-histories obtained in clay backfill experiments 
BM-C-03 and BM-C-05 at nominal ranges of 3, 4, and 5 ft are in Figures 6.49 and 6.50, 
respectively, to a time of 60 msec. The responses were obtained by integrating the 
accelerometer data to obtain particle velocity. The resulting first peak particle velocities 
and times of arrival follow the expected trend, with the gages at the 3-ft range recording 
the largest first peak velocities and earliest times of arrival and the 5-ft range recording 
the lowest peaks and the latest times of arrival. Peak velocities recorded in BM-C-03 and 
BM-C-05 agreed reasonably well at the 4- and 5-ft range, but the peak velocity recorded 
at the 3-ft range in BM-C-03 was about half that recorded in BM-C-05; a significant 
slope change occurred in the velocity time-history recorded in BM-C-03 at a value of 
approximately 16.5 fps. The first peak particle velocities versus range from experiments 
BM-C-03 and BM-C-05 are presented in Figure 6.51.  In both experiments, two peaks 
velocities were recorded at each range. The reason for the second peak is not clear, but it 
could be caused by a reflected wave from the ground surface or the IMD plate. 
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AR3 - 5 ft
 


























AR1 - 3 ft
AR2 - 4 ft
AR3 - 5 ft
 


































Figure 6.51 Peak particle velocity versus range in the experiment BM-C-03 and  
BM-C-05 backfills. 
 
Backfill Ground Shock Arrival Times 
The initial times of arrival for the ground shock measurements in the clay backfill 
are plotted versus range from GZ in Figure 6.52. The times of arrival follow the expected 
trend with an increase in time of arrival with increasing range from the charge. At all 
three ranges, the times of arrival of the stress occur slightly earlier than the times of 
arrival of the motion. In some records, a clear arrival time was not present in the records 
due to high-frequency noise in the acceleration record or an unexplained gradual early 
rise prior to the sharp rise to peak. Therefore, some engineering judgment was required, 
and as described earlier, the values selected are subject to different interpretations.  
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Figure 6.52 Initial ground shock times of arrival versus range from the CG of the 
charge in the experiments BM-C-03 and BM-C-05 backfills. 
 
Ground Surface Overpressure  
Three ground surface overpressure gages were used in all five clay soil 
experiments. The gages were located at a range of 8 ft (OP1), 10 ft (OP2), and 14 ft 
(OP3) from ground zero (GZ). A summary of the measured data from each gage is in 
Table 6.9. The table includes the experiment number, gage number, range from GZ, time 
of shock arrival, peak overpressure, time of peak overpressure, time to peak (rise time), 
and peak overpressure impulse. The overpressure time-histories obtained at nominal 
ranges of 8, 10, and 14 ft in test numbers BM-C-01 through BM-C-05 are presented in 
Figures 6.53 through 4.57, respectively. The times of arrival of overpressure versus range, 
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the peak overpressure versus range, and the times of arrival of the peaks versus range are 
presented in Figures 6.58 through 6.60, respectively.  
In all but one location, the results followed the expected trend, with the peak 
overpressure decreasing with range. The exception occurred in experiment BM-C-04 at 
the 8-ft range, where the recorded peak value at 8-ft range was lower than that at the 10 
ft. This also occurred in experiment BM-I-05 (see Figure 6.21). When the results of BM-
C-04 are compared with the results of BM-C-01, both with the explosive charge sitting 
on the ground surface, the times of arrival compare well at all three ranges (Figure 6.58), 
but the peak values varied significantly (Figure 6.59). This latter variation may be the 
result of reflections off the IMD impact plates in BM-C-04. The times of arrival of the 
shocks and the times of arrival of the peaks followed the expected trend with the arrival 
time increasing with range from the GZ. The experiments with the charge buried 4 in., 
BM-C-03 and 05, had a significant increase in the arrival times and a significant decrease 
in peak pressures at the same ranges when compared with the experiments with the 



























BM-C-01 OP - 1 8 1.42 52.8 1.54 0.12 0.027
BM-C-01 OP - 2 10 2.37 24.5 2.48 0.11 0.021
BM-C-01 OP - 3 14 4.95 11.1 5.04 0.09 0.019
BM-C-02 OP - 1 8 3.44 17.9 3.55 0.11 0.017
BM-C-02 OP - 2 10 4.68 15.0 4.80 0.12 0.018
BM-C-02 OP - 3 14 7.46 11.1 7.57 0.11 0.016
BM-C-03 OP - 1 8 5.71 6.0 5.84 0.13 0.006
BM-C-03 OP - 2 10 7.29 5.0 7.43 0.14 0.005
BM-C-03 OP - 3 14 10.46 3.7 10.62 0.16 0.004
BM-C-04 OP - 1 8 1.53 12.6 1.60 0.07 0.016
BM-C-04 OP - 2 10 2.53 46.2 2.68 0.15 0.021
BM-C-04 OP - 3 14 4.90 6.0 5.53 0.63 0.011
BM-C-05 OP - 1 8 4.73 12.8 4.84 0.11 0.011
BM-C-05 OP - 2 10 5.92 8.7 6.08 0.16 0.009

























OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.53 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 




















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.54 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 




















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.55 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 






















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.56 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 






















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
Figure 6.57 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft 
from experiment BM-C-05. 




















Figure 6.58 Ground surface overpressure times of arrival versus range for experiments 








































Figure 6.59 Ground surface peak overpressure versus range for experiments BM-C-01 
through BM-C-05. 




















Figure 6.60 Ground surface peak overpressure times of arrival versus range for 
experiments BM-C-01 through BM-C-05. 
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Aboveground Side-On Overpressure  
Clay experiments BM-C-01, BM-C-02, and BM-C-03 were conducted with a 
series of five side-on overpressure gages above the testbed surface. For all three 
experiments, the standoff distance between the top of the charge and a horizontal plane 
through the side-on overpressures gages was held constant at 20 in. The gages were 
located in line so that one gage was directly above the charge, two had a horizontal offset 
of 18 in., and two had a horizontal offset of 36 in. A summary of the aboveground side-on 
overpressure data for the clay soil experiments is in Table 6.10. The table includes the 
experiment number, the gage number, horizontal distance from GZ (vertical distance held 
constant at 20 in.), range from the GZ, shock time of arrival, peak overpressure, time of 
peak pressure, rise time, and peak overpressure impulse. The stress time-histories 
obtained from the side-on overpressure gages in BM-C-01, BM-C-02, and BM-C-03 are 
presented in Figures 6.61 through 6.69. The two redundant gages at 18 and 36 in. are 
shown on the same plots. The shock times of arrival versus range and the peak side-on 
overpressure stresses versus range for the three experiments are presented in Figures 6.70 
and 6.71, respectively.  
As expected, the center gage, SOP3, directly over the charge and the closest in 
proximity to the charge, recorded the highest peak overpressures compared to the values 
from gages offset 18 and 36 in. For a given experiment, the gages at 18-in. offset also 
recorded higher peak pressures when compared to the peaks from gages at 36-in. offset. 
Comparisons of the data from redundant gages at the 18- and 36-in. offsets agreed 
reasonably well. The greatest variation in the peak pressure occurred in experiment BM-
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C-02 at the 18-in. offset. When the results of the various experiments are compared, the 
charge buried 4 in., BM-C-03, had a significant reduction in the peak overpressure 
(Figure 6.71) and a significant increase in the shock arrival times (Figure 6.70) compared 
with the experiments with the charge resting on the surface, TSA, and tangent below, 
TSB, at the same ranges. When the results of the TSA and TSB tests are compared, the 
peak pressures directly above the charge and at the 18-in. offset are approximately equal. 
The TSA peak pressures are about twice as high at the 36-in. offset as those for the TSB 
case.  
 


























BM-C-01 SOP-1 36 41.75 0.51 92.2 0.59 0.08 0.034
BM-C-01 SOP-2 18 27.77 0.30 202.1 0.40 0.10 0.035
BM-C-01 SOP-3 0 21.15 0.13 917.0 0.16 0.03 0.081
BM-C-01 SOP-4 18 27.77 0.21 209.0 0.25 0.04 0.026
BM-C-01 SOP-5 36 41.75 0.45 104.6 0.58 0.13 0.036
BM-C-02 SOP-1 36 41.74 0.73 60.4 0.82 0.09 0.016
BM-C-02 SOP-2 18 27.77 0.27 140.9 0.32 0.05 0.023
BM-C-02 SOP-3 0 21.15 0.12 1072.6 0.15 0.03 0.125
BM-C-02 SOP-4 18 27.77 0.20 227.5 0.25 0.05 0.027
BM-C-02 SOP-5 36 41.75 0.60 50.3 0.75 0.16 0.016
BM-C-03 SOP-1 36 41.74 1.82 15.3 1.89 0.07 0.007
BM-C-03 SOP-2 18 27.77 0.88 35.3 1.05 0.17 0.008
BM-C-03 SOP-3 0 21.15 0.39 275.3 0.72 0.33 0.146
BM-C-03 SOP-4 18 27.77 0.75 24.1 0.88 0.13 0.014















































Figure 6.62 Side-on overpressure time-histories at a horizontal range of 18 in. from 


























Figure 6.63 Side-on overpressure time-histories at a horizontal range of 36 in. from 

















































Figure 6.65 Side-on overpressure time-histories at a horizontal range of 18 in. from 
























Figure 6.66 Side-on overpressure time-histories at a horizontal range of 36 in. from 






























Figure 6.67 Side-on overpressure time-history directly above the charge GZ in 























Figure 6.68 Side-on overpressure time-histories at a horizontal range of 18 in. from 

























Figure 6.69 Side-on overpressure time-histories at a horizontal range of 36 in. from 





























Figure 6.70 Shock times of arrival versus range from side-on overpressure gages in 






































Figure 6.71 Peak side-on overpressure versus range in experiment BM-C-01 through 
BM-C-03. 
 
Impulse Measurement Device 
 
Piston Impulse 
Two of the clay experiments, BM-C-04 and BM-C-05, were conducted using the 
IMD to measure the total impulse imparted to the impact plate of the piston assembly. For 
both experiments, the stand-off distance between the top of the charge and the face of the 
IMD impact plate was held constant at 20 in. The total mass of the IMD piston assembly 
for both experiments was approximately 5,500 lbs with an impact plate surface area of 
7.07 ft2 (3-ft diameter). During the experiments, the motion of the IMD piston assembly 
was captured using three independent methods, i.e., an accelerometer located on the IMD 
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piston assembly, a displacement measurement gage (yo-yo gage) located on the top of the 
support structure, and high-speed video. The high-speed video was the best source for 
data on IMD motion. The yo-yo gage was not dependable but did capture data in both 
tests. Use of the accelerometer was partially successful, since it experienced some high-
frequency noise and data shifts that made it difficult to select peak displacements and 
initial velocities.  
A summary of the IMD measured data obtained for the clay soil experiments is in 
Table 6.11. The table includes the peak displacements determine from the three 
measurement systems and the initial velocity captured both in the high-speed video and 
from integration of the acceleration record. The average displacement shown in the 
summary table is the average of the displacement measured by various methods where 
data were available. Due to the high-frequency noise and data shifts in the acceleration 
records, the peak displacement and initial velocity for the IMD piston assembly were not 
captured by the accelerometer in BM-C-04. Also, due to an unknown spike at early time 
in the accelerometer in BM-C-05, the initial velocity was the only data captured in the 
record, and it was suspect. Therefore, the initial velocity captured from the high-speed 
video was the primary value used in the impulse calculations. As a method to compare 
the different measurement values, the peak displacement is also calculated using the 
initial velocity captured from the high-speed video. The calculations are explained in 
detail in Chapter III. The peak displacements calculated from the measured initial 
velocity values compare reasonably well with the average measured peak displacement 
values. The yo-yo gage captured a peak displacement for BM-C-04, but initial velocities 
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of the IMD assembly appeared to exceed the ability of the gage. No useful data were 
obtained by the yo-yo gage for BM-C-05. For experiment BM-C-05, the IMD piston 
assembly exceeded the maximum stroke length of the system. The initial velocity was 
captured during the experiment, but the peak displacement was unavailable. Only 
minimum damage occurred in the IMD piston assembly when the system exceeded its 
capability for travel. The IMD piston assembly has a series of rubber catcher pads at the 
support structure to reduce damage to the system in case the maximum stroke of the 
system is exceeded.  
 












BM-C-04 2.95 1.98 - 2.47 3.75 - 2.63
BM-C-05 25+1 25+ - 25+ 15.00 16 40














Using the initial velocity obtained for the high-speed video, the total impulse 
imparted to the IMD piston assembly was calculated (Table 6.12). The calculated impulse 
is the total impulse and is directly related to the surface area of the impact plate. The 
mass of the IMD piston assembly used to calculate the impulse was 5,600 lbs, which 
accounts for the weight of the system and the approximate dynamic drag in the system 
due to friction. The method used to calculate the total impulse is explained in detail in 
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Chapter III. As seen in Table 6.12, the total impulse imparted to the IMD increased by a 
factor of 4 when the charge position changed from sitting on the surface to buried 4 in. 
below the surface, even though the charge standoff distance was the same for both 
experiments. 
 
Table 6.12 Total impulse imparted to the IMD.  
 
BM-C-04 Sitting on Surface 3.75 2.47 650
BM-C-05 Buried 15.0 25+ 3 2610
Notes:
1) Initial velocity obtained from the high speed video.
2) Peak impulse calculated using the initial velocity of the system. 
     Impulse directly related to target mass and surface area.
















Impact Plate Pressure Measurements 
The three flush-mounted pressure transducers mounted on the bottom plate of the 
piston assembly, gages RP1, RP2, and RP3, were an attempt to measure the reflected 
pressure on the surface of the impact plate. Due to the extremely harsh environment from 
the soil, airblast, and detonation products at this close proximity to the charge, the 
pressure data obtained were somewhat limited. The three gages included one PCB gage 
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and two Kulite gages. The gages were equal distance from the charge and were at a  
2½-in. radius off the center of the IMD impact plate. Two different Kulite gage cover 
plates were utilized during the test in an attempt to reduce or filter the loading by soil 
particles and/or detonation products. No useful data were collected from the PCB gage. 
PCB gages are typically more sensitive to accelerations and were also exposed directly to 
the airblast and soil particles while the Kulite gages used a debris filter.  
The pressure time-histories obtained from Kulite gages RP2 and RP3 for 
experiments BM-C-04 and BM-C-05 are presented in Figures 6.72 and 6.73, respectively. 
Pressure gage RP-3 in experiment BM-C-04 was damaged during the experiment and 
only recorded the time of arrival of the pressure. No useful data were recorded in pressure 
gage RP-2 in experiment BM-C-05. The time of arrival for the pressure data recorded by 
the two Kulite gages in experiment BM-C-04 compared very well with each other. The 
pressure data recorded by the Kulite gage in experiment BM-C-05 is questionable due to 
the non-typical rise and fall in the pressure time-history and the extremely high peak 
value. Experiment BM-C-05 had the charge fully buried in the soil and produced a much 
more complex loading condition. The atypical pressure time-history recorded in gage RP-
3 for BM-C-05 could have been the result of the close proximity to the detonation 
products and the soil ejecta hitting the gage. It was clear that something disrupted the 
pressure transmitted to the actual gage. If the times of arrival and peak pressures from 
experiments BM-C-04 and -05 are compared, gage RP-3 in experiment BM-C-05 






















































Accelerometer SAV1 was mounted on the IMD piston assembly, and 
accelerometer SAV2 was mounted on the IMD support structure. The accelerometer on 
the piston assembly was an attempt to measure the motion, i.e., velocity and 
displacement, of the piston assembly. The accelerometer mounted on the support 
structure was an attempt to capture the global motion of the support frame. For both 
locations, the acceleration time-histories were integrated to capture velocity and 
displacement at the gage location. The accelerometers experienced a significant high-
frequency ringing during the experiments. In some cases, this noise overwhelmed the 
data, and/or a significant data shift occurred in the record, which made it difficult to 
extract useful information. Several attempts were made to modify the gage mounts to 
help isolate this high-frequency noise, but limited improvements were seen in the data.  
The integrated velocity and double-integrated displacement time-histories from 
the accelerometers in experiments BM-C-04 and BM-C-05 are presented in Figures 6.74 
through 6.76. No useful data were captured by the accelerometer on the IMD piston 
assembly in experiment BM-C-04. The accelerometers on the IMD piston assembly in 
experiment BM-C-05 recorded a significant data shift and a loss of useful data at 
approximately 1.2 msec. The records shown in Figure 6.75 were corrected for the data 
shift and “filtered” for the high-frequency noise. Because of the high-frequency noise and 
the data shift in the record, the results are subject to question. The accelerometer on the 
support structure recorded the oscillation of the support structure at the center produced 
by the blast load. The maximum displacement of the support structure obtained in 
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experiment BM-C-04 (Figure 6.74) was less than 1/8 in. The maximum displacement 
recorded in experiment BM-C-05 (Figure 6.76) was less than 1/8 in. up to the point the 
piston assembly struck the support structure. When the piston impacted the support 
structure, a displacement of approximately 5/16 in. occurred in the structure at a time of 
180 msec.  
 
 
Figure 6.74 Velocity and displacement time-histories from integrated accelerometer 




Figure 6.75 Velocity and displacement time-histories from integrated accelerometer 
SAV1 data in experiment BM-C-05. 
 
 
Figure 6.76 Velocity and displacement time-histories from integrated accelerometer 





Backfill Quality Control Measurements 
The backfill was placed in lifts approximately 6- to 8-in. thick as described in 
Chapter V. Quality control measurements for the as-placed soil were made in each lift. 
These measurements included the wet density obtained with a nuclear moisture-density 
gage and microwave and oven-dried water contents. The average values for all 
measurements of wet density, oven-dried water content, and calculated dry density in 
each testbed are presented in Table 6.13. For all the sand soil experiments, the designated 
value of wet density was 109.8 lb/ft3, and the designated value of water content was 
4.0%. The calculated dry density was 105.6 lb/ft3, and the calculated air voids content as 
29.8% based on a specific gravity of 2.67. The soil classified as a poorly graded sand 




For each of the five experiments conducted with the sand soil, pretest and posttest 
cross sections were obtained along the primary axes (see Figure 4.9) through GZ. From 
these surveys, the resulting crater diameter and crater depth were calculated. A summary 
of these data for the sand soil testbeds is also provided in Table 6.13, which includes the 
experiment number, charge position, average soil composition properties, and 
approximate soil crater diameter and depth. Figures 6.77 through 6.81 present the pretest 
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and posttest cross sections for each of the sand experiments along with a photograph of 
each posttest testbed crater. 
 




















BM-S-01 TSA 110.1 106.0 3.9 4.46 0.76
BM-S-02 TSB 110.4 106.2 4.0 5.42 0.90
BM-S-03 Buried 109.8 105.5 4.1 6.94 1.35
BM-S-04 TSA 109.5 105.5 3.8 4.46 0.79





Figure 6.77 Photograph and cross-section surveys of testbed crater in BM-S-01. 
































Postshot Soil Surface (0° - 180°)
Postshot Soil Surface (90° - 270°)
Preshot Soil Surface
(a) Measured posttest crater cross sections in BM-S-01. 




Figure 6.78 Photograph and cross-section surveys of testbed crater in BM-S-02. 
(b) Photograph of posttest crater in BM-S-02. 
(a) Measured posttest crater cross sections in BM-S-02. 
































Postshot Soil Surface (0° - 180°)





Figure 6.79 Photograph and cross-section surveys of testbed crater in BM-S-03. 
(a) Measured posttest crater cross sections in BM-S-03. 
































1.6 Postshot Soil Surface (0° - 180°)
Postshot Soil Surface (90° - 270°)
Preshot Soil Surface




Figure 6.80 Photograph and cross-section surveys of testbed crater in BM-S-04. 
(b) Photograph of posttest crater in BM-S-04. 
(a) Measured posttest crater cross sections in BM-S-04. 



































Postshot Soil Surface (0° - 180°)





Figure 6.81 Photograph and cross-section surveys of testbed crater in BM-S-05. 
(b) Photograph of posttest crater in BM-S-05. 
(a) Measured posttest crater cross sections in BM-S-05. 







































Postshot Soil Surface (0° - 180°)




Ground Shock Stress and Particle Velocity 
The sand soil test series contained ground shock instrumentation in the two 
experiments with the charge buried 4 in. below the ground surface, i.e., experiments BM-
S-03 and BM-S-05. The center of each gage was at the same depth as the center of the 
explosive charge. The as-placed gage locations and a summary of the measured soil stress 
and particle velocity data at each gage location in the backfill for experiments BM-S-03 
and BM-S-05 are given in Table 6.14, which also includes the experiment number, gage 
number, range (radial distance) from GZ, time of shock arrival, peak velocity, and peak 
stress. Selection of the peak amplitude values and the times of arrival of peak amplitudes 
can be difficult in an environment where reflections are occurring rapidly from a number 
of sources, and gages are undergoing large motions. As always, the values shown in 
Table 6.14 are subject to different interpretations. In some cases, two peaks were 
recorded in the time-history records for both the radial stress and radial particle velocity. 
When a second peak was clearly present, it was included in the summary table. Possible 
causes for the second peaks include reflected waves from the testbed surface, 
aboveground pressures traveling along the ground surface, and reflections off the IMD 
impact plate. No useful data was recorded by the soil stress gage at the 3-ft range, SR-1, 
in both experiments. Also, no useful data was recorded for the soil accelerometer gage at 
the 5-ft range, AR-3, in experiment BM-S-05.  
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BM-S-03 AR1 3 1.81 5.8 6.3 -- --
BM-S-03 AR2 4 2.50 3.1 3.5 -- --
BM-S-03 AR3 5 3.30 1.6 -- -- --
BM-S-03 SR1 3 -- -- -- -- --
BM-S-03 SR2 4 2.28 -- -- 70 81
BM-S-03 SR3 5 3.01 -- -- 33 --
BM-S-05 AR1 3 1.46 6.3 -- -- --
BM-S-05 AR2 4 2.18 4.5 6.4 -- --
BM-S-05 AR3 5 -- -- -- -- --
BM-S-05 SR1 3 -- -- -- -- --
BM-S-05 SR2 4 2.46 -- -- 106 109
BM-S-05 SR3 5 3.14 -- -- 40 38
 
 
Soil Stress Measurements 
The radial stress time-histories obtained in the sand backfill in tests  
BM-S-03 and BM-S-05 at nominal ranges of 4 and 5 ft are presented in Figures 6.82 and 
6.83, respectively, to a time of 20 msec. No useful stress time-history data were recorded 
at the 3-ft-range in both experiments. The resulting peak stresses and times of arrival 
follow the expected trend with the closest range data recording the largest peak stress and 
earliest time of arrival. The times of arrival recorded in BM-S-03 and BM-S-05 agreed 
reasonably well at the 4- and 5-ft range. The peak stress was slightly higher in the BM-S-
05 at both the 4- and 5-ft range.  The peak stresses versus ranges for tests BM-S-03 and 






















SR2 - 4 ft
SR3 - 5 ft
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The radial particle velocity time-histories obtained in sand backfill experiments 
BM-S-03 and BM-S-05 at nominal ranges of 3, 4, and 5 ft are in Figures 6.85 and 6.86, 
respectively. The responses were obtained by integrating the accelerometer data to obtain 
particle velocity. No useful data were recorded from the soil accelerometer gage at 5-ft 
range, AR-3, for experiment BM-S-05. The resulting peak velocities and times of arrival 
follow the expected trend, with the gages at the 3-ft range recording the highest peak 
velocities and earliest times of arrival and the gages at the 5-ft range recording the latest 
times of arrival. A significant negative velocity occurred in the initial velocity time-
histories recorded in BM-S-05 at both 3 ft and 4 ft from the charge, and to a lesser degree 
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in BM-S-03 at 5 ft from the charge. This could possibly be caused by the airblast 
reflecting off the IMD impact plate. The first positive peak particle velocities versus 
range for experiments BM-S-03 and BM-S-05 are presented in Figure 6.87. Two peak 
velocities were recorded at three of the five gage locations. The reason for the second 
peaks is not clear, but they could be caused by a reflected wave from the ground surface 





















AR 1 - 3 ft
AR 2 - 4 ft
AR 3 - 5 ft
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Backfill Ground Shock Arrival Times 
The initial times of arrival for the ground shock measurements in the sand 
backfills are plotted versus range from the CG of the charge in Figure 6.88. The times of 
arrival follow the expected trend with an increase in time of arrival with an increase in 
range from the charge. The times of arrival of the stresses and particle velocities recorded 
in BM-S-03 and BM-S-05 agreed very well at the 3-ft, 4-ft, and 5-ft ranges where data 
were available. In some records, a clear arrival time was not present in the records due to 
frequency noise in the acceleration record or an unexplained gradual early rise prior to 
the sharp rise to peak. Therefore, some engineering judgment was required, and the 
values selected are subject to different interpretations. 
 





















Figure 6.88 Initial ground shock times of arrival versus range from the CG of the 
charge in the experiment BM-S-03 and BM-S-05 backfills. 
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Ground Surface Overpressure  
Three ground surface overpressure gages were installed in all five sand soil 
experiments. The gages were located at a range of 8 ft (OP1), 10 ft (OP2), and 14 ft 
(OP3) from ground zero (GZ). A summary of the measured data from each gage is in 
Table 6.15. The table includes the experiment number, gage number, range from GZ, time 
of shock arrival, peak overpressure, time of peak overpressure pressure, time to peak (rise 
time), and peak overpressure impulse. The overpressure time-histories obtained at 
nominal ranges of 8, 10, and 14 ft in experiments BM-S-01 through BM-S-05 are 
presented in Figures 6.89 through 6.93, respectively. The times of arrival of the 
overpressure versus range, the peak overpressure versus range, and the times of arrival of 
the peaks versus range are presented in Figures 6.94 through 6.96, respectively.  
In all five experiments, the results followed the expected trend with the peak 
overpressure decreasing with range. When the results of BM-S-01 are compared with the 
results of BM-S-04, both with the explosive charge sitting on the ground surface, the 
times of arrival compare well at all three ranges (Figure 6.94), but the peak overpressures 
were higher in BM-S-04 for all three ranges (Figure 6.95). This variation may be the 
result of reflections off the IMD impact plate in BM-S-04. The times of arrival of the 
shocks and the times of arrival of the peaks followed the expected trend with the arrival 
time increasing with range from the GZ. The experiments with the charge buried 4 in., 
BM-S-03 and -05, had a significant increase in the arrival times and a significant 
decrease in peak pressures at the same ranges when compared with those values from 
experiments with the charge resting on or tangent below the surface.  
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BM-S-01 OP - 1 8 1.81 40.9 1.91 0.10 0.023
BM-S-01 OP - 2 10 2.85 23.2 2.99 0.14 0.021
BM-S-01 OP - 3 14 5.52 10.6 5.63 0.11 0.018
BM-S-02 OP - 1 8 3.49 21.0 3.59 0.10 0.019
BM-S-02 OP - 2 10 4.72 15.8 4.86 0.15 0.019
BM-S-02 OP - 3 14 7.51 10.1 7.68 0.17 0.016
BM-S-03 OP - 1 8 5.12 8.4 5.20 0.09 0.007
BM-S-03 OP - 2 10 6.53 7.2 6.65 0.12 0.007
BM-S-03 OP - 3 14 9.52 5.2 9.61 0.10 0.006
BM-S-04 OP - 1 8 1.75 62.1 1.87 0.12 0.030
BM-S-04 OP - 2 10 2.65 31.6 2.77 0.12 0.024
BM-S-04 OP - 3 14 5.03 16.0 5.17 0.14 0.017
BM-S-05 OP - 1 8 4.87 13.6 4.97 0.10 0.013
BM-S-05 OP - 2 10 6.29 9.0 6.41 0.12 0.010

























OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 





















OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 
























OP-1 - 8 ft
OP-2 - 10 ft
OP-3 - 14 ft
 





Figure 6.93 Ground surface overpressure time-histories at ranges of 8, 10, and 14 ft in 
experiment BM-S-05. 




















Figure 6.94 Ground surface overpressure times of arrival versus range for experiments 








































Figure 6.95 Ground surface peak overpressure versus range for experiments BM-S-01 
through BM-S-05. 




















Figure 6.96 Ground surface peak overpressure times of arrival versus range for 
experiments BM-S-01 through BM-S-05. 
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Aboveground Side-On Overpressure  
Sand experiments BM-S-01, BM-S-02, and BM-S-03 were conducted with a 
series of five side-on overpressure gages above the testbed surface. For all three 
experiments, the standoff distance between the top of the charge and a horizontal plane 
through the side-on overpressures gages was held constant at 20 in. The gages were 
located in line so that one gage was directly above the charge, two had a horizontal offset 
of 18 in., and two had a horizontal offset of 36 in. A summary of the aboveground side-on 
overpressure data for the sand soil experiments is in Table 6.16, which includes the 
experiment number, gage number, horizontal range from GZ (vertical distance held 
constant at 20 in.), range from GZ, shock time of arrival, peak overpressure, time of peak 
pressure, rise time, and peak overpressure impulse. The stress time-histories obtained 
from the side-on overpressure gages in BM-S-01, BM-S-02, and BM-S-03 are presented 
in Figures 6.97 through 6.105. The data from the two redundant gages at 18 in. and 36 in. 
are shown on the same plots. The shock times of arrival versus range and the peak side-
on overpressure stresses versus range from the three experiments are presented in Figures 
6.106 and 6.107, respectively.  
As expected, the center gages, SOP3, directly over the charge and the closest in 
proximity to the charge, recorded the highest peak overpressures compared to the values 
from gages offset 18 and 36 in. For a given experiment, the gages at 18-in. offset also 
recorded higher peak pressures compared to the peaks from gages at 36-in. offset. 
Comparisons of the data from redundant gages at 18 and 36 in. offset agreed reasonably 
well. The greatest variation in the peak pressure occurred in experiment BM-S-01 at the 
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18- and 36-in. offset. When the results of the various experiments are compared, the 
charge buried 4 in., BM-S-03, had a significant reduction in the peak overpressure 
(Figure 6.107) and a significant increase in the shock arrival times (Figure 6.106) 
compared with the experiments with the charge resting on the ground surface, TSA, and 
buried surface tangent, TSB, at the same ranges. When the results of the TSB and TSA 
tests are compared, the peak pressure directly above the charge is greater for the TSA 
case except at the 18-in offset where they are essentially the same.  
 
























BM-S-01 SOP-1 36 41.75 0.52 81.6 0.61 0.09 0.033
BM-S-01 SOP-2 18 27.77 0.32 180.5 0.38 0.06 0.040
BM-S-01 SOP-3 0 21.15 0.12 1298.5 0.16 0.04 0.105
BM-S-01 SOP-4 18 27.77 0.23 136.1 0.28 0.05 0.023
BM-S-01 SOP-5 36 41.75 0.53 117.7 0.61 0.08 0.036
BM-S-02 SOP-1 36 41.74 0.74 56.1 0.81 0.08 0.015
BM-S-02 SOP-2 18 27.77 0.29 165.5 0.35 0.06 0.020
BM-S-02 SOP-3 0 21.15 0.11 690.5 0.15 0.04 0.094
BM-S-02 SOP-4 18 27.77 0.22 203.0 0.26 0.04 0.020
BM-S-02 SOP-5 36 41.75 0.66 66.6 0.75 0.09 0.016
BM-S-03 SOP-1 36 41.74 1.68 22.1 1.76 0.08 0.008
BM-S-03 SOP-2 18 27.77 0.95 58.8 1.02 0.07 0.026
BM-S-03 SOP-3 0 21.15 0.60 330.0 0.82 0.22 0.199
BM-S-03 SOP-4 18 27.77 0.92 60.2 1.01 0.09 0.033
















































Figure 6.98 Side-on overpressure time-histories at a horizontal range of 18 in. from 

























Figure 6.99 Side-on overpressure time-histories at a horizontal range of 36 in. from 
















































Figure 6.101 Side-on overpressure time-histories at a horizontal range of 18 in. from 























Figure 6.102 Side-on overpressure time-histories at a horizontal range of 36 in. from 
















































Figure 6.104 Side-on overpressure time-histories at a horizontal range of 18 in. from 

























Figure 6.105 Side-on overpressure time-histories at a horizontal range of 36 in. from 




























Figure 6.106 Shock times of arrival versus range from side-on overpressure gages in 







































Figure 6.107 Peak side-on overpressures versus range in experiments BM-S-01 through 
BM-S-03. 
 
Impulse Measurement Device 
 
Piston Impulse 
Two of the sand experiments, BM-S-04 and BM-S-05, were conducted using the 
IMD to measure the total impulse imparted to the impact plate of the piston assembly. For 
both experiments, the stand-off distance between the top of the charge and the face of the 
IMD impact plate was held constant at 20 in. The total mass of the IMD piston assembly 
for both experiments was approximately 5,500 lbs with an impact plate surface area of 
7.07 ft2 (3-ft diameter). During the experiments, the motion of the IMD piston assembly 
was captured using three independent methods, i.e., an accelerometer located on the IMD 
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piston assembly, a displacement measurement gage (yo-yo gage) located on the top of the 
support structure, and high-speed video. The high-speed video was the best source for 
data on IMD motion. The yo-yo gage was not dependable but did capture displacement 
time-history data, but peak displacement was available. Use of the accelerometer was 
partially successful, since it experienced some high-frequency noise and data shifts that 
made it difficult to select peak displacements and initial velocities. Due to late-time 
debris and smoke, the peak displacement was obscured from view in the high-speed 
video in BM-S-05. 
A summary of the IMD measured data obtained for the sand soil experiments is in 
Table 6.17. The table includes the peak displacements determine from the three 
measurement systems and the initial velocity captured both in the high-speed video and 
from integration of the acceleration record. The average displacement shown in the 
summary table is the average of the displacements from the available data. The initial 
velocity captured from the high-speed video was the primary value used in the impulse 
calculations. As a method to compare the different measurement values, the peak 
displacement is also calculated using the initial velocity captured from the high-speed 
video. The calculations are explained in detail in Chapter III. The peak displacements 
calculated from the measured initial velocity values compare reasonably well with the 
average measured peak displacement values. The difference in calculated peak 
displacement and the average measured peak displacement was greatest in experiment 
BM-S-05 by approximately 10% greater.  
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BM-S-04 2.75 2.29 2.18 2.40 3.60 3.4 2.4














Using the initial velocities obtained for the high-speed video, the total impulse 
imparted to the IMD piston assembly was calculated (Table 4.18). The calculated impulse 
is the total impulse and is directly related to the surface area for the impact plate. The 
mass of the IMD piston assembly used to calculate the impulse was 5,600 lb, which 
accounts for the weight of the system and the approximate dynamic drag in the system 
due to friction. The method used to calculate the total impulse is explained in detail in 
Chapter III. As seen in Table 6.18, the total impulse imparted to the IMD increased by a 
factor of 2.6 when the charge position changed from sitting on the surface to buried 4 in. 








Table 6.18 Total impulse imparted to the IMD. 
 
Experiment 
Number Charge Position 







BM-S-04 Sitting on Surface 3.60 2.4 619 
BM-S-05 Buried 9.4 15.0 1635 
Notes:      
1) Initial velocity obtained from the high-speed video.    
2) Peak impulse calculated using the initial velocity of the system. Impulse directly related to target 
mass and surface area. 
 
 
Impact Plate Pressure Measurements 
The three flush-mounted pressure transducers mounted on the bottom plate of the 
piston assembly, gages RP1, RP2, and RP3, were an attempt to measure the reflected 
pressure on the surface of the impact plate. Due to the extremely harsh environment from 
the soil, airblast, and detonation products at this close proximity to the charge, the 
pressure data obtained were somewhat limited. The three gages included one PCB gage 
and two Kulite gages. The gages were equal distance from the charge at a 2½-in. radius 
off the center of the IMD impact plate. Two different Kulite gage cover plates were 
utilized during the experiments in an attempt to reduce or filter the loading by soil 
particles and/or detonation products. No useful data were collected from the PCB gage. 
PCB gages are typically more sensitive to accelerations and were also exposed directly to 
the airblast and soil particles while the Kulite gages used a debris filter.  
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The pressure time-histories obtained from Kulite gages RP2 and RP3 for 
experiments BM-S-04 and BM-S-05 are presented in Figures 6.108 and 6.109, 
respectively. The times of arrival for the pressure data recorded by the two Kulite gages 
in each experiment compared well with each other. The large variation in peak pressure 
measured in experiment BM-S-04 (22,000 to 36,000 psi) was observed in other 
experiments in which high-pressure measurements were made in close proximity to the 
explosive charge. Pressure gage RP-2 in experiment BM-S-05 appeared to miss the peak 
pressure but did record the time of arrival of the pressure. Experiment BM-S-05 had the 
charge fully buried in the soil and produced a much more complex loading environment. 
The pressure time-history recorded in the RP-2 gage for BM-S-05 was probably affected 
by the soil ejecta hitting the gage covers/filters and disrupting the pressure transmitted to 
the actual gage. A comparison of times of arrival and peak pressures from the two 
experiments shows that BM-S-05 recorded a much later time of arrival and a slightly 






















































Accelerometer SAV1 was mounted on the IMD piston assembly, and 
accelerometer SAV2 was mounted on the IMD support structure. The accelerometer on 
the piston assembly was an attempt to measure the motion, i.e., velocity and 
displacement, of the piston assembly. The accelerometer mounted on the support 
structure was an attempt to capture the global motion of the support frame. For both 
locations, the acceleration time-histories were integrated to capture velocity and 
displacement at the gage location. The accelerometers experienced significant high-
frequency ringing during the experiments. In some cases, this noise overwhelmed the 
data, and/or a significant data shift occurred in the record, which made it difficult to 
extract useful information. Several attempts were made to modify the gage mounts to 
help isolate this high-frequency noise, but limited improvements were seen in the data.  
The integrated velocity and double-integrated displacement time-histories from 
the accelerometers in experiments BM-S-04 and BM-S-05 are presented in Figures 6.110 
through 6.113. The accelerometers on the IMD piston assembly in both experiments 
recorded a high-frequency noise at the beginning of the record, which made it difficult to 
select a peak velocity from the data. The records shown in Figures 6.110 and 6.112 were 
corrected for the data shift and “filtered” for the high-frequency noise. Because of the 
high-frequency noise and the data shift in the record, the results are subject to question. 
The accelerometer on the support structure recorded the oscillation of the support 
structure at the center produced by the blast load. The maximum displacement of the 
support structure obtained in both experiments (Figures 6.111 and 6.113) were less than 
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1/8 in. Based on the acceleration record from SAV2, the frequency motion of the 




Figure 6.110 Velocity and displacement time-histories from integrated accelerometer 
SAV1 data in experiment BM-S-04. 
 
Figure 6.111 Velocity and displacement time-histories from integrated accelerometer 




Figure 6.112 Velocity and displacement time-histories from integrated accelerometer 
SAV1 data in experiment BM-S-05. 
 
Figure 6.113 Velocity and displacement time-histories from integrated accelerometer 







COMPARISONS AND ANALYSIS OF EXPERIMENTAL DATA 
 
Craters 
The first three experiments conducted for each backfill soil type had side-on 
overpressure gages only. These gages provided little if any interference with the ejecta 
emanating from the explosive-induced craters. The remaining two experiments in each 
series had the IMD device with its 3-ft diameter, 4-½-in.-thick steel plate located directly 
over the explosive charge. This plate did affect the trajectory of the out-flying ejecta, 
some of which probably fell back into the crater, which would affect posttest crater 
measurements. Hence, the crater comparisons shown here only used the results from the 
first three experiments from each experiment series. 
Figure 7.1 compares the crater cross sections obtained from experiments BM-I-
01, BM-C-01, and BM-S-01 from the intermediate soil, clay, and sand backfill testbeds, 
respectively, in which the explosive charge for each was placed tangent surface above the 
respective testbeds. The crater produced in the wet clay testbed was the deepest of the 
three craters and had steep sides. The crater produced in the dry sand testbed had the 
shallowest depth and much flatter side slopes. The intermediate soil produced a crater 
with steep sides but was not as deep as the wet clay craters. 
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The wet clay inherently has more cohesion than the other two soils, which 
accounts for the steep crater side walls. Also, the wet clay with its lowest air voids 
content and lowest maximum shear strength will propagate a higher lever of ground 
shock into its testbed than the other two materials, which accounts for its deeper crater 
depth. On the other hand, the dry sand had the highest air voids content and highest shear 
strength such that its crater was the shallowest. Its side walls were also the flattest with 
slopes approximately equal to the sand’s angle of friction. 
Figure 7.2 compares the crater cross sections obtained from experiments BM-I-
02, BM-C-02, and BM-S-02 from the intermediate soil, clay, and sand backfill testbeds, 
respectively, in which the explosive charge for each was placed in the surface tangent 
below position. The same trends discussed above for the surface tangent above 
experiments are shown again here. The primary differences in these craters are that the 
crater depths and surface diameters are greater than for the charge in the surface tangent 
above explosive charge position. This is due to the increased coupling of the explosive 
energy into the testbed soils for this partially buried case. 
Figure 7.3 compares the crater cross sections obtained from experiments BM-I-
03, BM-C-03, and BM-S-03 from the intermediate soil, clay, and sand backfill testbeds, 
respectively, in which the explosive charge was buried 4 in. below the surface of the 
respective testbeds. Again, the same trends in the geometric crater shapes discussed 
above for the surface tangent experiments are shown in the figure, and again, the sizes of 
the craters are even greater for the fully-buried explosive charge case due an even greater 









































Intermediate (0° - 180°)
Intermediate (90° - 270°)
Clay (0° - 180°)
Clay (90° - 270°)
Sand (0° - 180°)
Sand (90° - 270°)
 









































Intermediate (0° - 180°)
Intermediate (90° - 270°)
Clay (0° - 180°)
Clay (90° - 270°)
Sand (0° - 180°)
Sand (90° - 270°)
 
Figure 7.2 Crater profiles from three experiments with the charge placed tangent 
surface below. 
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Figure 7.3 Crater profiles from three experiments with the charge buried 4 in. 
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Comparison of Experimental and Calculated Craters 
Table 7.1 provides a summary of the crater depth and diameter for all experiments 
conducted in the three different soil types. The crater depth and diameter was surveyed 
after each experiment, and the results are referred to as the apparent values. Apparent is a 
term defined in DAHS CWE Manual (Departments of the Army et al. 1998) and refers to 
the visible hole excavated by the explosive and normally filled with loose disassociated 
material and fall back into the excavation. Generally, references to crater depth and 
diameter refer to the apparent depth and apparent diameter. The apparent depth is 
measured at the center line of the charge GZ and extends from the original ground surface 
to the bottom of the excavation. The apparent diameter is measured horizontally across 
the excavation from edge to edge at the original ground surface. Table 7.1 also includes a 
calculated apparent depth and radius and the percent increase or decrease in the 
calculated value compared to the experimental data. The calculations were performed 
using a conventional weapons effects code called ConWep (Hyde 2005). The code uses 
the depth of the explosive charge, charge mass, explosive type, and soil type as input. The 
code does not differentiate charge shape. The soil types selected for these calculations 
from a library of materials included “dry sandy clay” to match the intermediate silty sand 
used in the experiments, “wet clay” to match the wet clay material in the experiments, 
and “dry sand” to match the dry sand material in the experiments. Unfortunately, no 
information is available in ConWep about the detailed material properties for the soils in 
the library.  
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Overall, the calculation results agree reasonably well with the experimental data. 
The ConWep calculated depths and diameters were larger than all the experimental 
results except for the diameters in the sand material and one of the depths in the clay. The 
calculated depth provided the best agreement with the experiments for the intermediate 
and clay soils, while the calculated diameter provided the best agreement for the 
measurements in the sand. The crater values from intermediate soil experiment BM-I-04 
appeared to have more variation compared to the calculations than the other four 
intermediate soil experiments. This variation occurred in both the depth and diameter and 
was over twice the variations obtained in the other four experiments. In the clay soils, the 
crater diameter in experiment BM-C-01 stands out as a significant variation when 








Depth      
ft
Apparent 
Diameter    
ft
Apparent 
Depth      
ft
Apparent 
Diameter    
ft
Increase or   
Decrease    %
Increase or 
Decrease     
%
BM-I-01 1.45 4.10 1.48 4.72 2% 15%
BM-I-02 1.41 4.20 1.64 5.05 16% 20%
BM-I-03 1.88 4.92 1.92 5.62 2% 14%
BM-I-04 1.10 2.80 1.48 4.72 35% 69%
BM-I-05 1.89 5.60 1.92 5.62 2% 0%
BM-C-01 1.92 3.82 2.68 8.90 39% 133%
BM-C-02 2.40 5.89 2.94 9.48 22% 61%
BM-C-03 3.10 7.11 3.37 10.30 9% 45%
BM-C-04 2.00 5.41 2.68 8.92 34% 65%
BM-C-05 3.50 7.56 3.37 10.30 -4% 36%
BM-S-01 0.76 4.46 1.26 4.26 65% -4%
BM-S-02 0.90 5.42 1.38 4.60 54% -15%
BM-S-03 1.35 6.94 1.61 5.16 19% -26%
BM-S-04 0.79 4.46 1.26 4.26 59% -4%





Experimental Results ConWep Calculation
 
 
Figures 7.4 through 7.6 present comparisons of crater depths and diameters 
calculated from ConWep versus the apparent crater dimensions collected during the 
experiments for the intermediate soil, wet clay, and dry sand testbeds, respectively. In all 
three figures, one common trend that occurs is a steeper slope in the experimental data 
than in the calculations. The trends of both the diameter and depth in the experiment data 
generally decrease at a faster rate with decreasing depth of burial than the trends in the 
calculations. For all three soil types, the data appear to follow a smooth relationship with 
the exception of the depth and diameter data from BM-I-04 and the diameter from 
experiment BM-C-01. Additional depth of burial experiments and additional information 
on the ConWep soils used is needed to develop a clear conclusion.  
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Figure 7.4 Comparison of calculated and experimental crater dimensions for 
intermediate soils. 
 




















































































Figure 7.6 Comparison of calculated and experimental crater dimensions for dry sand 
soils. 
 
Effects of the IMD on Crater Size 
One concern with the measured crater depths and diameters was the effect of the 
IMD piston plate on crater size. A comparison was made between the experiments 
conducted without the IMD (BM-01 and 03) and the experiments conducted with the 
IMD (BM-04 and 05). Figure 7.7 presents a comparison of the measured crater depths for 
the three different soil testbeds (intermediate, clay, and sand) with the charge sitting on 
the surface with the IMD (BM-04) and without the IMD (BM-01). Figure 7.8 presents the 
companion data for the measured crater diameters. The crater depths in Figure 7.7 for the 
clay and sand testbeds are essentially the same. However, the crater depth from the 
intermediate soil experiment conducted without the IMD was deeper than the experiment 
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conducted with the IMD. The crater diameters in Figure 7.8 for the sand testbeds are 
identical. The crater diameter from the intermediate soil experiment conducted without 
the IMD was deeper than the experiment conducted with the IMD. The opposite trend 
occurred for the diameters for the clay testbeds. With mixed results in the three soil types, 
it is difficult to make any clear interpretations of the IMD’s influence when the charge is 
sitting on the surface. However, recall that the crater data for intermediate soil experiment 
BM-I-04 varied significantly with the other intermediate crater data (Figure 7.4). The 
same trend occurred for the crater diameter for clay soil experiment BM-C-01 when 
compared with the other clay crater data (Figure 7.5).  
 

















BM-I-01 - Without IMD
BM-I-04 - With IMD
BM-C-01 - Without IMD
BM-C-04 - With IMD
BM-S-01 - Without IMD
BM-S-04 - With IMD
 
Figure 7.7 Crater depth for the three soil types with the charge sitting on the surface. 
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BM-I-01 - Without IMD
BM-I-04 - With IMD
BM-C-01 - Without IMD
BM-C-04 - With IMD
BM-S-01 - Without IMD
BM-S-04 - With IMD
 
Figure 7.8 Crater diameter for the three soil types with the charge sitting on the 
surface. 
 
Figure 7.9 presents a comparison of the measured crater depth for the three 
different soil testbeds (intermediate, clay, and sand) with the charge buried 4-in. below 
the ground surface with the IMD (BM-05) and without the IMD (BM-03). Figure 7.10 
presents the companion data for the measured crater diameter with the IMD (BM-04) and 
without the IMD (BM-01). The crater depths in Figure 7.9 for the intermediate and sand 
testbeds are essentially the same. In the clay testbeds, the crater depth was deeper for the 
experiment conducted with the IMD compared to the experiment without the IMD. The 
crater diameters in Figure 7.10 were greater in all three soil testbeds for the experiments 
conducted with the IMD compared to the experiments conducted without the IMD. The 
average increase in crater diameter for the three soil types when the IMD was present was 
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approximately 10%. It is postulated that the IMD piston-plate surface resisted the typical 
upward or vertical release of blast pressure from a buried charge detonation and forced 
the pressure out to the sides around the piston-plate. This increase in horizontal blast 
pressure forces may be the cause of the increased crater diameter when compared to a 
crater formed in an open layout.  
 


















BM-I-03 - Without IMD
BM-I-05 - With IMD
BM-C-03 - Without IMD
BM-C-05 - With IMD
BM-S-03 - Without IMD
BM-S-05 - With IMD
 
Figure 7.9 Crater depth for the three soil types with the charge buried 4 in. 
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BM-I-03 - Without IMD
BM-I-05 - With IMD
BM-C-03 - Without IMD
BM-C-05 - With IMD
BM-S-03 - Without IMD
BM-S-05 - With IMD
 
Figure 7.10 Crater diameter for the three soil types with the charge buried 4 in. 
 
Based on these comparisons, there is no significant trend in the data to conclude 
that the IMD affected the crater size for the charge sitting on the surface. However, there 
is some indication that the IMD piston-plate affected the increase in crater diameter for 
the shallow-buried charge. For situations where crater size is used to back-calculate 
explosive charge weight and assuming that depth of burial can be approximated, it may 
be important to account for a resisting target surface above the ground surface to account 





Ground Shock  
The center of the ground shock gages fielded in experiments BM-I-03 and -05, 
BM-C-03 and -05, and BM-S-03 and -05 were placed at about the 5-in. depth. Hence, the 
resulting ground shock data were affected by not only the ground shock emanating from 
the detonated buried charges but also from the airblast propagating outward and loading 
the ground surface at higher wave speeds than the ground shock propagation. For the 
BM-I-05, BM-C-05, and BM-S-05 experiments in which the IMD system was in-place, 
reflections off the IMD impact plate also loaded the ground surface and in turn affected 
ground shock responses. As a result, the ground shock data presented in Chapter VI 
reflected all of these influences. 
The peak values of radial soil stress are plotted versus range from the center of the 
explosive charge in Figure 7.11. These peak stresses attenuate with range as expected but 
show no definitive effect of soil type. The peak values of particle velocity versus range 
are shown Figure 7.12. Again, peak values attenuate with range, and it appears that the 
values measured in the wet clay are generally higher than those measured in the 
intermediate silty sand at each range and both of the sets of measurements are generally 
higher than those for the dry sand. Experience has shown that measured peak particle 










































































Ground shock times of initial arrival versus range for both soil stress and particle 
velocity are shown in Figure 7.13. It appears that the ground shock generally arrived 
quickest at each range in the intermediate silty soil backfill, the slowest in the clay 
backfill, and at times in between those in the dry sand backfill.  
 

























Ground shock is a relatively difficult measurement to make in a soil backfill. In 
these experiments, a significant amount of effort was involved in placing a very well 
controlled backfill and proper ground shock instrumentation installation to reduce outside 
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influences on the experimental data. It was clear from the experimental data that for a 
near-surface charge, the data were affected by reflections and ground surface airblast. 
However, the ground shock data depicted reasonable peak magnitudes and attenuations in 
magnitude with range as expected. When the data from all buried tests were compared, 
variations in peak stresses and particle velocities occurred at the same standoff location 
for experiments conducted with and without the IMD. Because of this, it was difficult to 
determine the definitive effects of soil type on the peak stresses and particle velocities. As 
another means of comparing the data, peak stresses and peak velocities versus range were 
plotted for the experiments conducted with and without the IMD (Figures 7.14 through 
7.17). Both the stress and velocity data attenuate with standoff distance from the charge 
as expected but did not show any clear increase or decrease in the magnitude due to the 
IMD. The data did appear more consistent and showed clearer trends for the experiments 









































































































































Peak particle velocity and peak stress data were collected in past field 
experiments in soil types similar to those in these experiments. The dry sand, wet clay, 
and intermediate silty sand were chosen to closely emulate the mechanical responses of 
the DEMODRY1, WCLAY1, and ISOIL1 materials, respectively. Table 7.2 compares 
pertinent classification and composition properties for the “target” and actual soil 
materials and indicates that the materials selected for these experiments are a good match 
to the target materials. Data from previous experiments were scaled to a 5-lb C4 charge to 
allow for a direct comparison with this experimental data. It is important to note that the 
previous data were collected for fully contained or deeply buried charges that provided 
fully coupled energy into the surrounding soils. No ground shock data could be located 
for shallow-buried charges, i.e., with reduced coupling factors.  
The previous peak stress and peak particle velocity data for an intermediate soil 
are compared to the average of the peak stresses and particle velocities for the shallow 
buried test data from experiments BM-I-03 and BM-I-05  in Figures 7.18 and 7.19. The 
previous ground shock data for wet clay soils are compared with the data from 
experiments BM-C-03 and BM-C-05 in Figures 7.20 and 7.21. The previous ground 
shock data for several different dry sand soils are compared with the data from 
experiments BM-S-03 and BM-S-05 in Figures 7.22 and 7.23. In all six figures, a first-
order polynomial curve fit was calculated for the previously existing data and for the new 
shallow-buried charge data. The comparison plots showed an obvious reduction in peak 
stress and peak particle velocity amplitudes at comparable ranges for the new test data 
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compared to the existing data.  This reduction in amplitude is to be expected and follows 
the concept of a reduced coupling factor due to the shallow depth. The comparisons with 
existing data show some variations in the attenuation rates. The new data depict an 
increased attenuation rate of stress and particle velocity with increasing range for the 
shallow-buried charges compared to the fully coupled charges, with the possible 
exception of the intermediate soil peak stress data in Figure 7.18. The attenuation of 
stress in the sand, shown in Figure 7.22, is difficult to interpret over an extended range, 
since no new test data were available at the 3-ft range due to problems with the gage.    
 
Table 7.2 Comparison of classification and composition data for “target” and actual 




Target/DEMODRY1 Poorly Graded Sand (SP) 2.67 109.6 105.4 4.0 30.0 NP NP NP
Actual Experimental Poorly Graded Sand (SP) 2.67 109.8 105.6 4.0 29.8 NP NP NP
WET CLAY
Target/WCLAY1 Gravelly Clay (CL) 2.71 122.5 99 23.7 3.9 38 19 19
Actual Experimental Sandy Clay (CL) 2.72 121.2 98.4 23.1 5.6 46 15 31
INTERMEDIATE SOIL
Target/ISOIL1 Clayey Sand (SC) 2.72 125.9 112.3 12.1 12.0 24 13 11
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DIPOLE BLADE 3 Data
1st Order Curve Fit Existing Data
Intermediate New Data
1st Order Curve Fit New Data
 
Figure 7.18 Peak stress versus range for intermediate soils. 






























DIPOLE BLADE 3 Data
1st Order Curve Fit Existing Data
Intermediate New Data
1st Order Curve Fit New Data
 
Figure 7.19 Peak particle velocity versus range for intermediate soils. 
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1st Order Curve Fit Existing Data
Clay New Data
1st Order Curve Fit New Data
 
Figure 7.20 Peak stress versus range for wet clay soils. 






























1st Order Curve Fit Existing Data
Clay New Data
1st Order Curve Fit New Data
 
Figure 7.21 Peak particle velocity versus range for wet clay soils. 
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1st Order Curve Fit New Data
 
Figure 7.22 Peak stress versus range for dry sand soils. 







































1st Order Curve Fit New Data
 
Figure 7.23 Peak particle velocity versus range for dry sand soils. 
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A summary of the peak stress and peak particle velocity values selected along the 
first-order curve fits for the existing data and new data at the 3-ft range and the 5-ft range 
are provided in Table 7.3. The table also includes a calculated coupling factor for peak 
stress and peak particle velocity for the three soil types. The coupling factor is defined by 
the DAHS CWE Manuel as “the ratio of the ground shock magnitude from a partially 
buried or shallow-buried weapon to that from a fully contained or deeply buried weapon 
(fully coupled detonation).” The coupling factor is not a direct indication of charge size 
but rather a reduction factor for the ground shock stress and particle velocity amplitude 
due to venting or energy lost to the atmosphere from shallow detonations. The coupling 





Table 7.3 Summary of the peak stress and peak particle velocity data for the existing 





Data,         psi
3-ft Range  
New Data,   
psi







Data,        
psi
5-ft Range  
New Data,  
psi









Intermediate 424 140 284 0.33 92 33 59 0.36 0.34
Clay 1638 329 1309 0.20 353 29 324 0.08 0.14
Sand 495 262 233 0.53 149 36 113 0.24 0.39
Avg 0.35 Avg 0.23 0.29





3-ft Range  









Data,    fps
5-ft Range  
New Data,  
fps









Intermediate 34.6 16.8 17.8 0.49 11.8 4.1 7.7 0.35 0.42
Clay 42.9 23 19.9 0.54 13.5 3.6 9.9 0.27 0.40
Sand 19.1 6.4 12.7 0.34 7 1.9 5.1 0.27 0.30
Avg 0.45 Avg 0.30 0.37






The calculated peak stress coupling factor in Table 7.3 varies from 0.53 to 0.20 at 
the 3-ft range and from 0.36 to 0.08 at the 5-ft range. The average values for the coupling 
factor at each range and in each soil type are also shown in Table 7.3. The average 
coupling factors indicate a slight increase in attenuation or reduced coupling factor in the 
shallow-buried charge at the 5-ft range compared to the 3-ft range, i.e., 0.23 at 5 ft and 
0.35 at 3 ft. If the average peak stress coupling factors for the 3-ft and 5-ft ranges for the 
three soils are compared, the clay has the greatest reduction in stress or smallest average 
coupling factor of 0.14. The average values in the intermediate and sand soils were 
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similar at 0.34 and 0.39, respectively. The overall average peak stress coupling factor for 
all of the soils at both ranges is 0.29.  
As described earlier, experience has shown that peak soil particle velocities are 
generally better quantified than peak soil stresses. The stress gage actually measures a 
voltage change caused by a strain in the sensing element of the gage. Therefore, the 
“stress measurement” is very sensitive to the particles of the soil in contact with the gage. 
The velocity measurement (actually a shock-mounted accelerometer) measures the 
overall motion of the soil and frequency response over a larger portion of the soil than the 
stress gage. For this reason, the particle velocities have historically depicted less data 
scatter in a particular experiment and better agreement between multiple experiments. 
This is demonstrated when comparing the peak particle velocities and calculating the 
peak particle velocity coupling factors. The peak particle velocity coupling factors vary 
from 0.54 to 0.34 at the 3-ft range and 0.35 to 0.27 at the 5-ft range. Similar to the peak 
stress values, the average coupling factors at the two ranges showed a slight increase in 
attenuation at the 5-ft range compared to the 3-ft range, i.e., 0.30 at 5 ft and 0.45 at 3 ft. If 
the average peak particle velocity coupling factors for the three soils are compared at the 
3-ft and 5-ft ranges, the values for the intermediate soil and clay are very similar, i.e., 
0.42 and 0.40, respectively, and the sand values is slightly smaller at 0.30. The overall 
average peak particle velocity coupling factor for all soils at both ranges is 0.37.   
Based on the current methodology, a coupling factor can be calculated based on 
the scaled depth of burst, i.e., depth / explosive mass1/3. The DAHS CWE Manual 
presents a plot of the ground shock coupling factors as a function of scaled depth of burst 
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for detonations in air, soil, and concrete (Figure 7.24). A single coupling factor is 
applicable for both the stress and particle velocity and that there is no distinction in soil 
type. Also, this methodology is based on a spherical charge and does not account for 
charge shape. The guidance clearly states that the coupling factor concept for near-
surface detonations is based on very limited test data. Based on the guidance in the 
DAHS CWE manual, the coupling factor for a detonation in air does not vary with 
position and has a constant value of 0.14. For a detonation in soil with the CG at ground 
surface, the coupling factor is 0.41 and increases to a value of 1 at a scaled depth of 
1.4 ft/lb1/3.  
 

















Scaled Depth = 0.251





Figure 7.24 Ground shock coupling factors. 
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Using the 5-lb charge and a depth of burial of 0.43 ft, the scaled depth is 
calculated as 0.25 ft/lb1/3. Using Figure 7.20 and a detonation in soil, a coupling factor of 
0.62 is calculated. This is significantly higher than the values calculated from these 
experiments. A total average coupling factor of 0.33 is calculated by using the average 
calculated peak stress coupling factor of 0.29 and the average calculated peak particle 
velocity coupling factor of 0.37 from the shallow-buried experiments at a scaled depth of 
0.25 ft/lb1/3. This value is about half the value calculated from the current ground shock 
methodology. 
Based on the analysis of the experimental ground shock data, several key 
observations could be drawn. The measurement of ground shock for a near-surface 
detonation is influenced by the surface airblast and presents some scatter in the data. 
There was no clear indication that the impulse measurement device provided any 
significant influence on the scatter in the data. The soil type does appear to provide some 
influence on the peak particle velocity measurements, but it was difficult to make a clear 
observation of the effect of soil type on the peak soil stress measurement.  
Based on the comparisons with existing fully coupled ground shock data, a 
coupling factor was calculated for the charge size and depth of burial used in the 
experiments. There is a difference between the coupling factor calculated from peak 
stress and the coupling factor calculated from peak particle velocity. There is also a small 
variation in the calculated coupling factor for the different soil types and the range from 
the charge. This brings into question the idea of using a single coupling factor for peak 
stress and peak particle velocity based solely on the scaled depth of burial. It was stated 
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clearly in the literature that current methodology is based on very limited data, which 
indicates that additional testing is needed to improve the near-surface coupling factor 
concept. 
 
Ground Surface Overpressure 
Time of arrival data versus range from the ground surface overpressure gages are 
shown in Figures 7.25 through 7.27 for charge placements of tangent surface above, 
tangent surface below, and buried 4-in. below the ground surface, respectively. The 
arrival-time data in Figures 7.25 and 7.26 are well grouped and increase with range as 
expected. The arrival-time data in Figure 7.27 are less well grouped but do increase with 
range. The data in each figure show no effect of testbed soil type, even for the buried 
charge case. As the charge placement changes from tangent surface below to fully buried, 
the arrival times increase at each range, which is expected, because the airblast loading 
must first go through some of the soil testbed in the tangent surface below and buried 
experiments before propagating outward on the ground surface. The airblast propagation 
velocity for these relatively close ranges is much higher than the shock propagation 
velocities through the backfill soils. 
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Figure 7.25 Ground surface overpressure times of arrival for charge placed tangent 
surface above. 


















































Figure 7.27 Ground surface overpressure times of arrival for charge buried 20 in. 
 
 
Peak surface overpressure versus range data are shown in Figures 7.28 through 
7.30 again for charge placements of tangent surface above, tangent surface below, and 
buried 4 in. below the ground surface, respectively. As was noted in Chapter IV, the peak 
surface overpressure data from experiment BM-C-04 at the 8-ft range (Figure 7.28) were 
somewhat erratic and questionable. The remaining data in Figure 7.28 for the charge 
placed tangent surface above have a reasonable scatter in magnitude and decrease in 
magnitude with range as expected. The peak surface overpressure data in Figure 7.29 for 
the case of the charge placed tangent surface below are well grouped and also decrease in 
magnitude with range. The peak surface overpressure value at the 10-ft range from 
experiment BM-I-05 (Figure 7.30) appears too high in magnitude compared to the trends 
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of the other data for this charge placement case and is also considered questionable. 
Otherwise, the data for the buried charge case exhibit reasonable scatter and a general 
trend of decreasing magnitude with increasing range. Excluding the questionable data, 
peak surface overpressure decreases in magnitude at each range as the charge location 



















































































































Figure 7.30 Peak ground surface overpressure for the charge buried 4 in. 
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Aboveground Side-On Overpressure 
Peak values for side-on overpressure versus range are shown in Figures 7.31 
through 7.33 for charge placements of tangent surface above, tangent surface below, and 
buried 4-in. below the ground surface, respectively. Peak values attenuate with range as 
expected. For the tangent surface above experiments (Figure 7.31), the peak side-on 
overpressure was highest in the intermediate silty sand experiments at all ranges. The 
same trend occurred in the tangent surface below experiments (Figure 7.32) except, as 
mentioned in Chapter VI, for the gage at about the 21-in. range in the silty sand 
experiment that was damaged and provided no useful data. For the buried charge 
experiments (Figure 7.33), the peak side-on overpressure at the 21-in. range was again 
highest in the intermediate silty sand experiment. At the 28- and 42-in. ranges (Figure 
7.33), the peak values for the sand were the highest for the buried soil experiments. 













































































































Figure 7.33 Peak side-on overpressure for the charge buried 4 in. 
 
The primary purpose of the side-on overpressure measurements was to obtain 
pressure time-histories from which airblast impulse could be calculated. Figure 7.34 
shows the peak side-on overpressure impulse data versus range for the case of the 
explosive charge placed tangent surface above the testbed. At the closest range, the peak 
impulse from experiment BM-S-01, the sand backfill testbed, produced the highest 
impulse followed by that from the experiment with the intermediate silty sand testbed and 
then the clay testbed. At the 28- and 42-in. ranges, all of the peak impulse values decrease 
significantly to about the same range of values.  
Figure 7.35 shows the peak side-on overpressure impulse data for the case of the 
explosive charge placed tangent surface below the testbed. The peak values at the two 
closest ranges are similar to those shown in Figure 7.34 for the tangent surface above 
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case. The data at the closest range in Figure 7.35 may be slightly higher than the 
comparable data in Figure 7.34, but additional experimental results would be required to 
confirm this. At the 42-in. range, the peak impulse data for the tangent surface below case 
are about half the values for the tangent surface above case. This potentially slight 
increase at the closest range and reduction in peaks at the outer ranges seem to indicate 
that a small amount of focusing occurred for the tangent surface below case compared 
with the case for tangent surface above. This is consistent with the increased lateral 
confinement for the tangent surface below charge placement. 
The peak side-on overpressure impulse data from the buried charge experiments 
are shown in Figure 7.36. The values of peak impulse at the 21-in. range (center of the 
testbeds) are about twice the values for the surface charge cases. At the 28-in. range, the 
peak impulse values for the intermediate soil and the clay are about a third of the 
comparable values for the tangent surface above case (Figure 7.34). Also at about the 28-
in. range from the explosive charge, the sand values for peak impulse are about three 
times those for the other two soil types. At the 42-in. range, the peak impulse values from 
the buried charge experiments are about half those from the tangent surface below 
experiments (Figure 7.35) and about a third or more of the peak impulses from the 
tangent surface above experiments (Figure 7.34). Again, this increased peak impulse 
directly above the charge (21-in. range) and the reduction in impulse at the 28- and 42-in. 
ranges appears to indicate a focusing effect above the charge. The variation in this 
focusing appears to be affected by soil type. The clay and intermediate soil responded in 
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Figure 7.36 Peak side-on overpressure impulse for the charge buried 4 in. 
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Figures 7.37 and 7.38 provide a means of comparing the peak airblast impulse 
values recorded by the side-on overpressure gages for the different experiment layouts. In 
Figure 7.37, the comparison plots for the TSA and buried experiments are placed side by 
side with the same scale on both the vertical and horizontal axes. In Figure 7.38, the 
average values are shown for the peak airblast impulses from Gages SOP2 and 4 located 
at a range of about 28 in. and Gages SOP1 and 5 located at a range of about 42 in. The 
two figures clearly show the focusing effect of a shallow-buried charge compared to the 
TSA and TSB locations. Directly above the charge, the peak impulse is significantly 
higher for the buried charges (solid symbols) compared to the TSA and TSB. However, as 
the angle off vertical increases to gages SOP 2 and 4 and then to gages SOP 1 and 5, the 
peak airblast impulses for the buried charges are much smaller compared to the TSA and 
TSB locations. This same trend occurs for the TSB as compared to the TSA but is not as 
significant. 
The comparison plot in Figures 7.37 also shows the influence of soil type on the 
angle at which these focusing effects occur in the buried charge experiments. Directly 
above the buried charge, the peak airblast impulse values for all three soil types are very 
similar. At the first gage angle (SOP2 and 4), the sand maintains a significantly higher 
airblast impulse compared to the intermediate and the clay soils. In fact, the peak airblast 
impulse in the sand at the first gage angle for the buried charge is very similar to the 
value recorded in the surface charge experiments. At the second gage angle (SOP1 and 
5), peak airblast impulse for the three soils from the buried charge experiments are again 
very similar in value. This apparent focusing of the peak airblast impulse seems to be 
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caused by lateral confinement of the explosive charge, which indicates that the sand 
material provided less lateral confinement than the silty sand and clay soils (Figure 7.37). 
This phenomenon was well illustrated by comparisons of the craters for the three 
different soil materials, in that the sand craters had the shallowest depths and flattest side 
slopes, while craters for the other two materials were deeper and had steeper side slopes. 
A comparison of the peak impulse values from the side-on overpressure airblast 
gage directly above the charge versus charge center of gravity relative to the ground 
surface for the three soil types is shown in Figure 7.39. There was no significant 
indication that the underlying material affected the airblast impulse for the charge sitting 
on the surface (TSA). There was a significant indication that the airblast-induced impulse 
directly above the charge increased from surface laid (TSA) to shallow buried. The 
average peak value for the TSA experiments for the three soils was 0.09 psi-sec. The 
average peak value for the buried experiments for all three soils was 0.17 psi-sec. These 
data indicate an increase in peak impulse directly above the charge of approximately 90% 
as the charge moves from sitting on the surface to shallow buried. For the fully buried 
experiments, the airblast-induced impulse appeared to also be affected by surrounding 
soil. The sand experiment recorded the highest peak impulse at 0.20 psi-sec, and the clay 
experiment recorded the lowest peak impulse at 0.15 psi-sec. This is an approximate 35%  
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increase in peak airblast impulse for the sand soil compared to the clay soil. The 
intermediate experiment recorded a peak value between the sand and the clay at  






























































































Figure 7.37 Comparison of the peak airblast impulse for tangent surface above  










































Figure 7.38 Comparison of peak airblast impulse for TSA, TSB, and buried 
experiments.  




























*At Center Gage SOP3
Intermediate Soil - (TSA)
Intermediate Soil - Buried
Clay Soil - (TSA)
Clay Soil - (TSB)
Clay Soil - Buried
Sand  Soil - (TSA)
Sand Soil - (TSB)
Sand Soil - Buried
 
Figure 7.39 Comparison of peak airblast impulse directly above the charge versus the 





Total Impulse from the IMD 
The calculated values of peak impulse imparted to the IMD presented in Tables 
6.6, 6.12, and 6.18 are compared in Table 7.4. Peak impulse from the buried charges 
exceeded the peak impulse from the surface charge positions by factors ranging from 2.6 
to 4. For both explosive charge positions, peak impulse from the experiments in the clay 
testbeds was higher than those from experiments in the intermediate silty sand and sand 
testbeds. For the case of the tangent surface above charge position, peak impulse from the 
clay testbed experiments was 5% and 20% higher than the peak impulses imparted in the 
sand and silty sand testbeds, respectively. For the buried charge case, these differences 
were 60% and 40%, respectively.  
 
Table 7.4 Peak total impulse imparted to the IMD. 
 
Charge TSA* Charge Buried 4 in.
*  Tangent surface above.
Backfill Material Peak Impulse, lbf-sec
Intermediate Silty Sand (SM) 545 1880
Sandy Clay (CL)





The total peak impulse captured by the IMD versus the depth of the center of the 
charge below the surface for the three soil types is shown in Figure 7.40. The two 
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configurations included in the figure are for the explosive charge placed on the surface, or 
tangent surface above the testbed, and the buried charge. For plotting purposes, the 
surface charge is shown with a negative depth. There is no indication in Figure 7.40 that 
the underlying material affected the total impulse for the surface detonation. However, 
there is indication that the surrounding soil affected the total impulse for the buried 
charge, but the results were opposite of those shown for airblast impulse (Figure 7.39). 
The total impulse for the buried charge was significantly higher for the clay soil 
compared to that for both the sand and silty sand. Like the airblast impulse, the IMD total 
impulse increased significantly from surface laid to shallow buried.  
 





















Intermediate Soil - On Surface
Intermediate Soil - Buried
Clay Soil - On Surface
Clay Soil - Buried
Sand Soil - On Surface
Sand Soil - Buried
 




Impulse from Airblast 
The overall design of the experimental program included a series of experiments 
using the IMD to capture total impulse above the charge and an identical series of 
experiments that utilized a series of aboveground side-on overpressure (SOP) gages to 
capture the blast pressure environment above the charge. The IMD was designed to 
capture the total impulse imparted on the 3-ft-diameter impact plate from both the soil 
debris and airblast (Figure 7.41). The layout of the SOP gages was design to match 
specific locations related to the bottom surface of the IMD impact plate. The goal was to 
capture the pressure time-histories at key locations along the plate and use these data to 
calculate the approximate airblast-only impulses acting on the plate. The center gage, 
SOP3, matches the center of the IMD impact plate. The first set of gages out from the 
center, SOP2 and SOP4, match the outer edge of the IMD impact plate (Figure 7.42). 
Using the pressure time-histories at the center and edges of the plate, a method was 
developed to calculate the total pressure time-history on the bottom surface of the plate. 
Once the total pressure time-history was calculated, the total airblast impulse acting on 
the plate could be obtained. This value was subtracted from the total impulse from 
airblast and soil debris to calculate total impulse from soil debris only. This allowed for 
the comparison of the two primary components that make up the load environment, i.e., 

























Figure 7.42 Side-on overpressure gage layout. 
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The first step in calculating the airblast impulse from the SOP data was to 
calculate the total pressure time-history on a surface area that matched the exposed 
impact plate surface area on the IMD. Assuming symmetry around the plate, an average 
pressure from the two outside gages, SOP2 and SOP4, was used to represent the pressure 
around the edge of the plate. Assuming a pressure gradient across the plate in the form of 
an ellipse, and using the pressure at the center gage, SOP3, as peak pressure at the center, 
the total pressure across the entire plate could be determined (Figure 7.43). This method 
was performed for each time step such that a pressure time-history for the entire surface 




pressure loading on 
round plate
Assume elliptical 




Figure 7.43 Assumed pressure gradient across the impact plate surface area. 
 
After the pressure time-histories over the entire 3-ft-diameter impact plate surface 
area were obtained, the resulting airblast impulse was calculated. This was accomplished 
by integrating the total pressure time-history calculated for the plate up to a point were 
the impulse reaches its maximum value. The airblast impulse values calculated from the 
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SOP data are shown in Table 7.5. Due to the lack of data at the center SOP gage for the 
TSB experiments, it was not possible to approximate the SOP airblast impulse, and these 
data were omitted from this analysis. In all three soil types, the SOP airblast impulse was 
greater for the buried case compared to that with the charge on the surface. This supports 
the conclusion that the buried charge seems to focus the airblast directly above the charge 
when compared to the surface charge. 
 
Table 7.5 Peak airblast impulse over the area of the impact plate calculated from the 
SOP data. 
 
Soil Type Charge Position
Peak Impulse Calculated 







Sand Buried 143  
 
 
The pressure time-history data recorded in the experiments was a side-on 
overpressure. To calculate the total airblast impulse that can be compared to the impulse 
capture by the IMD, these data must be converted to what is called a reflective pressure 
or impulse. As a blast wave propagates onto a rigid structure or surface, the incident 
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particle velocity becomes zero, and the pressure, density, and temperature are increased 
to values greater than those for the incident blast wave (TM5-1300; Departments of the 
Army, Navy, and Air Force 1990). This increased blast pressure is referred to as the 
reflected pressure. The increase from overpressure to reflective pressure is directly 
related to the magnitude of the pressure and the angle formed between a rigid surface and 
the plane of the shock front. For normal angle of incidence, direction of travel of the 
shock wave perpendicular to the surface, the reflective pressure is at its maximum value. 
In this case, the enhanced reflected pressure can be twice the incident pressure for a weak 
shock and as high as 10 to 12 times the incident pressure for a very strong shock. The 
magnitude of the reflective pressure decreases as the angle of impact for the blast wave 
on the reflective surface changes from perpendicular to parallel. On the parallel surface, 
the reflective pressure equals the overpressure.  
The area of the target/structural surface also has an effect on the magnitude and/or 
duration of the reflected pressure. This is referred to as the clearing effect. The duration 
of the reflective pressure is controlled by the area of the reflective surface. A pressure 
discontinuity exists between the reflected shock and the ongoing incident shock. This 
discontinuity creates a relief wave that moves from the low to high-pressure region. As 
the relief wave moves across the surface, the reflected pressure is reduced to a lower free-
field pressure plus drag load. This relief wave takes time to move inward, and thus the 
relief occurs at some time after the blast wave first loads the surface. Therefore, the peak 
reflected pressure is not affected by this clearing, but the impulse is affected (TM5-855-1; 
Department of the Army 1986).   
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In order to convert the overpressure data capture in the SOP gages to a reflective 
pressure that would act on the IMD impact plate, all of the dynamics described earlier 
must be considered. In addition to the complicated nature of this problem, no data are 
available that could be used to validate that magnitude, angle of incident, and target 
surface size effect acts in a similar manner when the blast is from a shallow-buried 
charge. It is possible that the focusing of the blast pressure from the buried charge and the 
added debris loading may have an effect on this assumption. 
The experimental layout was designed to provide the data necessary to 
approximate the conversion of side-on overpressure impulse to a reflective pressure 
impulse without depending on current reflective pressure conversion coefficients for open 
airburst. This conversion was accomplished by using the calculated SOP airblast impulse 
and the total IMD impulse captured for the charge sitting on the ground surface, TSA, for 
all three soils. For the charge sitting on the surface, it was shown earlier that the soil 
surface has very little effect on the impulse obtained directly above the charge by the 
IMD. It is assumed that this impulse is primarily due to the airblast. Based on this 
assumption, the impulse captured by the IMD for the TSA experiments would provide a 
good approximation of the normal reflective airblast impulse conversion factor. Table 7.6 
shows a comparison of the impulse calculated from the SOP data and the total impulse 
obtained from the IMD for the TSA experiments. By comparing these values, a 
multiplication factor was estimated for converting the SOP airblast impulse to a reflective 
airblast impulse. These conversion factors are shown in Table 7.6 for each soil type. The 
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conversion factors obtained from the three experiments are in reasonable agreement. The 
average conversion factor from the three experiments is 8.02. 
 
Table 7.6 Comparison of SOP impulse versus IMD impulse from TSA experiments. 
 
Soil Type Charge Position




Total Peak Impulse 
from IM D         
(lbf-sec)
Convers ion Factor 
from SOP Impulse to 
IM D Impulse
Intermediate TSA 71 545 7.68
Clay TSA 76 650 8.55
Sand TSA 79 619 7.84
Average 8.02  
 
 
Due to the small variation in the conversion factors for the three soil types, it was 
assumed that the soil type has little to no effect on this conversion from side-on 
overpressure to reflective pressure. Obviously, additional data are needed to support this 
assumption. However, based on this assumption, the average conversion factor of 8.02 
was used for calculating the airblast impulse for the buried-charge experiments. Table 7.7 
provides a summary of the SOP airblast impulse and the converted reflective airblast 




Table 7.7 Summary of SOP airblast impulse converted to reflective impulse. 
 
Soil Type Charge Position
Peak Impulse Calculated 
from SOP Gages          
(lbf-sec)
SOP Impulse Factored for 
Reflective Impulse             
(lbf -sec)
Intermediate TSA 71 569
Intermediate Buried 120 962
Clay TSA 76 610
Clay Buried 114 914
Sand TSA 79 634
Sand Buried 143 1147  
 
 
The current blast design manuals, such as TM 5-1300 (Department of the Army et 
al. 1990), were used as a means of checking to see if the SOP to reflective conversion 
value estimated above was a reasonable assumption. Relationships are available in TM 5-
1300   that convert the side-on overpressure to reflective pressure for hemispherical 
charges in free-air and surface bursts. These relationships have not been validated for the 
case of a shallow-buried cylinder charge. However, for the purpose of providing an 
estimated range of values, it was assumed that the TM 5-1300 relationships would 
provide an approximation for converting experimentally obtained side-on overpressure to 
reflective pressure.  
For this calculation, it was assumed that the relationships for hemispherical 
surface bursts would provide a better approximation than those for free-air bursts. Using 
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a scaled range of approximately 1.0 ft/lb1/3  to 1.3 ft/lb1/3  calculated from the CG of the 
charge, a conversion factor for overpressure or incident pressure to reflective pressure 
was approximated to be 7.5 to 8.5, and a conversion factor from incident impulse to 
reflective impulse was approximated to be 10 to 15. It is important to note that these 
values do not account for an angle of incidence as the blast wave moves from the center 
out to the edge, which would be a reduction in the peak stress compared to normal 
incidence. Based on this analysis, the average conversion factor estimated at 8.02 appears 
to be reasonable. 
In the experiments, attempts were made to record the reflective pressure at the 
center of the bottom surface of the impact plate on the IMD. This was done as a possible 
method to compare the side-on overpressure data to reflective pressure. Due to the 
significant amount of dust and debris as well as the extremely close proximity to the 
charge detonation, the reflective pressure data collected at this location had significant 
variations. Different methods of filtering and/or shielding the gages were attempted 
during the experiments to try to reduce the influence of debris and pressure spikes. An 
example of the variation can be seen in experiment BM-S-04 (Figure 6.108). The peak 
pressures obtained from the two reflective pressure gages on the bottom of the plate 
varied from 21,000 psi up to 38,000 psi at basically the same location. It is important to 
note that this reflective pressure data were recorded in an area that was very close to the 
detonation, and very little data exist to validate the results. In fact, the high-speed video 
showed that the gages themselves were within the detonation fireball. It is not clear at this 
time if this wide variation in pressure is a real function of the blast environment. 
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Additional research is needed to understand these data. The multiplication factors 
calculated using the center side-on overpressure gage and the center plate reflective 
pressure gage ranged from 16 up to as high as 45 for the peak pressure. Again, this is at 
the center of the plate at a normal impact that would provide the highest value. It was 
determined that, due to the wide variation in resulting data, even from two gages in the 
same experiment, these data would not be used for developing an average conversion 
factor for the SOP data. 
 
Impulse from Soil Debris 
Once the airblast impulse was calculated, it was subtracted from the total IMD 
impulse (airblast and soil debris) for the buried case to obtain an estimated impulse from 






IMD Plate + =
 
Table 7.8 provides a comparison of the airblast impulse, the total IMD impulse, 
and the difference between the two, referred to as soil debris impulse. The results indicate 
that the sand testbed produced the highest airblast loading while the charge in the clay 
testbed produced the highest soil debris loading. The sand airblast impulse was 
approximately 20% and 25% higher then the airblast impulse in the intermediate soil and 
clay, respectively. The clay soil debris loading was approximately 85% and 345% higher 
than the impulse in the intermediate soil and sand, respectively. Figures 7.44 and 7.45 
show a comparison of the airblast and soil debris components as a function of the total 
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impulse loading for each soil type. These comparisons show the slight increase in airblast 
and the significant decrease in soil debris loading when moving from clay to intermediate 
soil to sand.  
Figures 7.44 and 7.45 also show that the primary component in the total impulse 
produced in the clay testbed was the soil debris loading and the primary component in the 
total impulse produced in the sand testbed was the airblast loading. In the intermediate 
soil testbed, the airblast and soil debris loading was split almost 50/50. Although the 
airblast loading varied only slightly for the three soils, it was the significant increase in 
the soil debris loading that resulted in variations in the total impulse. This would indicate 
that although the airblast loading is a major component, it is the soil debris loading that 
causes the significant variation in the total loading on an aboveground structure for these 
soils. This would seem to reinforce the need to understand the influence of the soil 
properties on the loading. It would also indicate the need to carefully place and monitor 
the soil properties in testbeds used for buried mine experiments. 
 
Table 7.8 Comparison of reflective airblast impulse, soil debris impulse, and total 
impulse on the IMD. 
 
Soil Type Charge Position
Peak Reflective 
Airblast Impulse              
(lbf -sec)
Peak Total Impulse 
from IMD          
(lbf-sec)
   
Soil Debris Impulse            
(lbf-sec)
Intermediate Buried 962 1880 918
Clay Buried 914 2610 1696





Figure 7.44 Comparison of the peak impulse on the IMD for the three soils showing 
the reflective airblast and soil debris components. 
 
Figure 7.45 Comparison of the percent airblast and soil debris reflective impulse as a 
















































Comparison of Impulse Values with Soil Properties 
Detailed material property characterizations were performed on each of the soils. 
Table 7.9 provides a summary of the as-placed testbed soil parameters for the three soil 
types. These soil parameters were used along with the total IMD impulse, the peak 
airblast impulse, and the peak soil debris impulse to perform comparative analyses. The 
comparisons of the different parameters were grouped into three distinct categories. One 
category was the effects of soil composition, i.e., water/solid/air content, which used the 
water content, volume of solids, and volume of air. The second category was the effects 
of density, which included wet density and dry density. The third category was the 
particle size of the material, which used percent fines, i.e., silt and clay, and percent 
coarse materials, i.e., primarily sand.  
 


































Intermediate 125.4 110.9 13.0 66.1 23.1 10.8 42 58 10-3 to 10-5 
Clay 121.2 98.4 23.1 58.0 36.4 5.6 65 35 10-5 to 10-7 
Sand 109.8 105.6 4.0 63.4 6.8 29.8 0 92.7** 10-1 to 10-3 
* From Jumikis [7; p.271].  
** The “Sand” contained 7.3% gravel 
 
Effects of Soil Composition 
Soil is typically a three-phase system consisting of soil solids, water, and air. 
Figure 7.46 shows a soil element with the volume V and weight W and the three phases; 
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solid, water, and air. Voids within the material contain air and water so that the element 
can be broken down into two zones, volume of the solids (Vs) and volume of the voids 
(Vv) (U.S. Army Corps of Engineers 1980), where 
V = Vs + Vv  (6) 
The total volume (V) can also be expressed as 
V = Vs + Vw + Va  (7) 
Similarly, the total weight of the element is broken down into the weight of the solids 
(Ws) and weight of the water (Ww), assuming the weight of the air Wa is negligible, i.e.,  






Volume of Air (Va)
Volume of Water (Vw)
Volume of Solids (Vs)
(a) Soil Element (b) Three soil phases










Figure 7.46 Three-phase soil composition. 
Figure 7.47 shows a plot of total IMD peak impulse versus the volume of air for 
the buried charge. Figure 7.48 shows the peak airblast impulse and the peak soil debris 
impulse versus volume of air for the buried charge. As the volume of air decreases, the 
total IMD impulse increases. Also, as the volume of air decreases, the peak soil debris 
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impulse increases. This trend could be directly related to the compressibility and shear 
strength in the soil. For most soil conditions, the compressibility and shear strength 
decrease with a decrease in the volume of air.  
In contrast to the total impulse, as the volume of air increases the peak airblast 
impulse increases, but at a much lower rate. This result reflects differences in the 
mechanical and permeability properties of the soil. As the soil air voids content increases, 
the soil shear strength, compressibility, and permeability are all increasing. It is 
postulated that the increased air void and permeability allow for earlier breakout of the 
airblast pressure and a reduction in load transmitted to the soil debris. The use of the 
permeability factor is not used in its simple form, as a term for water travel through a 
media, but rather in terms of the factors that affect permeability in soils. These factors 
include pore-size distribution, grain-size distribution, void ratio, roughness of material 
particles, and degree of saturation (Das 1990).  This effect was also seen in the crater 
comparisons. As the crater size increased as the material changed from sand to 
intermediate silty sand to clay for the same charge location (Figures 7.1 through 7.3), the 
total impulse increased, and the peak airblast impulse decreased.    
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Figure 7.47 Total IMD peak impulse versus volume of air for the buried charge. 
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Figure 7.48 (a) Peak airblast impulse versus volume of air and (b) Peak soil debris 




Figure 7.49 shows the total IMD peak impulse from the buried charges versus the 
volume of water. Figure 7.50 shows the peak airblast impulse and the peak soil debris 
impulse from buried charges versus the volume of water. As the volume of water 
increases, the total IMD impulse increases. As the volume of water increases, the peak 
soil debris impulse also increases, but at a much faster rate. Also, as the volume of water 
increases, the peak airblast impulse decreased, but at a much lower rate. These 
comparisons agree with the relationship shown for volume of air and are related based on 
the total soil composition. This also supports the assumption stated in the volume of air 
comparison that this relationship is directly related to the decreasing compressibility and 
decreasing shear strength in the soil. Again, these results reflect differences in the 
mechanical and permeability properties of the soil. As the volume of water increases, the 
soil air voids content decreases, and thus, the soil shear strength, compressibility, and 
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Figure 7.49 Total IMD peak impulse from buried charges versus volume of water. 
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Figure 7.50 (a) Peak airblast impulse versus volume of water and (b) Peak soil debris 
impulse versus volume of water. 
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Figure 7.51 shows the total IMD peak impulse from buried charges versus the 
volume of solids. Figure 7.52 shows the peak airblast impulse and the peak soil debris 
impulse from buried charges versus the volume of solids. Unlike with the air voids and 
water content, the solid material content does not show a clear and direct relationship 
with peak impulse, airblast impulse, or soil debris impulse. This seems to indicate that the 
primary soil components that affect the impulse above a shallow-buried charge are the 
water content and air content, but not the solid content. Additional data are needed with 
both more and less solid content than used in this investigation to fully understand this 
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Figure 7.51 Total IMD peak impulse from buried charges versus volume of solids. 
 





















Intermediate Soil - Buried
Clay Soil - Buried
Sand Soil - Buried






















Intermediate Soil - Buried
Clay Soil - Buried





























Figure 7.52 (a) Peak airblast impulse versus volume of solids and (b) Peak soil debris 




Effects of Density  
The second category investigated was the effects of density, which included wet 
density and dry density. The first comparison was made using dry density. Dry density 
(γd) is defined as the weight per unit volume of soil, excluding the water, i.e.,  
γd = Ws / V  (9) 
Figure 7.53 shows the total IMD peak impulse from buried charges versus the dry 
density. Figure 7.54 shows the peak airblast impulse and peak soil debris impulse from 
buried charges versus the dry density. As the dry density increases, the total peak impulse 
varied. There was no clear relationship between increasing dry density and peak impulse 
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Figure 7.54 (a) Peak airblast impulse versus dry density and (b) Peak soil debris 




The second comparison was made using the wet density. Wet density (γw) is 
defined as the weight per unit volume of soil, including the water, i.e.,   
γw = W / V  (10) 
Figure 7.55 shows the total IMD peak impulse from buried charges versus the wet 
density. Figure 7.56 shows the peak airblast impulse and peak soil debris impulse from 
buried charges versus the wet density. Similar to the dry density, as the wet density 
increases the total peak impulse varied. Again there was no clear relationship between 
increasing wet density and peak impulse for the range of available data. This seems to 
indicate that the density does not directly affect the impulse loading above a shallow-
buried charge. As stated earlier, additional data are needed to fully understand this 
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Figure 7.56 (a) Peak airblast impulse versus wet density and (b) Peak soil debris 
impulse versus wet density. 
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Effects of Material Particle Size 
The third category investigated was the material particle size, which used percent 
fines and percent sand as gages of material size. The first comparison used the percent 
fines. Percent fines is defined as the percentage of material that passes a #200 (0.074 
mm) sieve in a grain-size analysis using a representative sample of the material. 
According to the Unified Soil Classification, material passing the #200 sieve is classified 
as silt and clay.  
Figure 7.57 shows the total IMD peak impulse from buried charges versus the 
percent fines. Figure 7.58 shows the peak airblast impulse and peak soil debris impulse 
from buried charges versus the percent fines. As the percent fines increase, the total IMD 
impulse and the soil debris impulse increase. As the percent fines increase, the peak 
airblast impulse decreases, but at a much slower rate. Again, this supports the assumption 
that the change in impulse is directly related to the decreasing compressibility, shear 
strength, and permeability in the soil. As percent fines increase in a soil, the 
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Figure 7.58 (a) Peak airblast impulse versus percent fines and (b) Peak soil debris 




The second comparison used the percent sand or coarse-grained material. These 
materials are defined as the percentage of material particles that pass a #4 (4.76 mm) 
sieve and are retained on the #200 (0.074 mm) sieve in a gradation analysis using a 
representative sample of the material. All the material from the wet clay and silty sand 
(intermediate) soil samples retained on the #200 sieve was classified as sand. However, 
92.7% of the material from the dry sand sample was classified as sand. The remaining 
7.3% was classified as gravel. Figure 7.59 shows the total IMD peak impulse from buried 
charges versus the percent sands. Figure 7.60 shows the peak airblast impulse and peak 
soil debris impulse from buried charges versus the percent sands. As expected, this 
comparison is the inverse of the percent fines comparison because they are directly 
related. As the percent sand increases, the total IMD impulse and soil debris impulse 
decrease. As the percent sands increases, the peak airblast impulse increases, but at a 
much slower rate. Again, this supports the assumption that this increase in airblast 
impulse is directly related to the increasing permeability in the soil. As percent sands 
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Figure 7.59 Total IMD peak impulse from buried charges versus percent sand. 
 
 
Figure 7.60 (a) Peak airblast impulse versus percent sand and (b) Peak soil debris 




Comparison of Mechanical Properties 
Based on the comparisons of the three different soil categories, the soil volume of 
air, water, and particle size seem to provide the best correlation with the increasing 
impulse above a shallow-buried charge. These correlations reflect differences in 
mechanical properties of the soils. To illustrate this, the pressure-volumetric relation and 
the failure relation for the three testbed materials are compared in Figures 7.61 and 7.62, 
respectively.  
Figure 7.61 depicts the increased pressure-volumetric compressibility with 
increasing volume of air in the testbed materials, i.e., from 5.65% for the wet clay to 
10.8% for the intermediate silty sand to 29.8% for the dry sand. Also indicated on the 
figure are the increase in percentage of sand and permeability (from Table 7.5) as the 
volume of air increases. Figure 7.62 depicts the increase in shear strength with increasing 
volume of air for the three testbed materials. Again, the increase in percentage of sand 
and permeability (from Table 7.5) as the volume of air and strength increase are indicated 
on this figure. 
For the detonation in the sand, the energy is dissipated by the high compressibility 
(caused by the 29.8% air-filled voids) and by the air escaping the sand matrix due to the 
high permeability (10-1 to 10-3 cm/sec). Both the high compressibility and high 
permeability, in addition to the high shear strength, caused the craters in the sand to be 
smaller. The high permeability in the sand caused a faster expulsion of airblast from the 
sand for the buried detonations resulting in greater aboveground airblast, i.e., more 
energy went into airblast and less in driving sand debris particles. In contrast, the wet clay 
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with low compressibility, permeability, and shear strength produced larger craters and 
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Figure 7.61 Pressure-volumetric relations. 
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
Summary 
A device for determining the aboveground impulse, the impulse measurement 
device (IMD), due to the detonation of surface and shallow-buried explosives was 
designed, fabricated, and calibrated. The IMD was used in a series of experiments for the 
purpose of quantifying the effects of three very different soil types on the impulse 
delivered to an aboveground structure. The soil types included a 5.6%-air-voids wet 
sandy clay, a 29.8%-air-voids dry sand, and an intermediate material, i.e., 10.8%-air-
voids silty sand. The backfill materials were carefully placed for each experiment so that 
variations in as-placed water content and dry density for each soil type were minimized. 
A cylindrical 5-lb C4 explosive charge was used during the experiments. The explosive 
was placed on the surface of the testbeds (tangent surface above), buried so that the top of 
the explosives was flush with the top of the testbeds (tangent surface below), and buried 
with the top of the explosive 4-in. below the testbed surface. The standoff distant between 




Five experiments were conducted for each of the three soil types. Two 
experiments (tangent surface above and buried) were conducted using the IMD to 
measure the total impulse imparted to the piston assembly. The remaining three 
experiments (tangent surface above, tangent surface below, and buried) were conducted 
using five side-on overpressure gages above the testbed surface to capture the airblast 
environment above the charge. For these three experiments, the standoff distance between 
the top of the charge and the vertical elevation of the side-on gages was held constant at 
20 in.  
Testbed instrumentation for the experiments included gages that monitored 
airblast propagation across the top of the testbeds, soil stress and accelerometers to 
monitor ground shock, and side-on overpressure gages positioned at the same height 
above the testbeds as the height of the face of the IMD impact plate. Instrumentation for 
the IMD included a displacement gage to determine the maximum upward movement of 
the IMD piston assembly, accelerometers to monitor the movement of the IMD impact 
plate and the motion of the IMD support assembly, and high-speed video to capture the 
motion of the IMD piston assembly and crater ejecta. These data were used in analyses 
with existing data and/or prediction tools, where they exist, to develop comparisons and 
conclusions that extended our understanding of the influence of soil type on the blast load 





A key part of this research was the design, development, and fabrication of an 
IMD. This device concept and design was successfully validated with test data and 
numerical simulations and proved to be very robust under repeated blast load testing. The 
IMD successfully captured key impulse information that was critical in understanding the 
loading conditions in the shallow-buried charge experiments. 
The primary focus of this research was to determine the effects of soil properties 
on the blast environment above a shallow-buried charge. The experimental program was 
designed with this mind. The comparisons and analyses of the data focused on 
information collected during the experiments and how it related to the composition and 
mechanical properties of the three soil types that were investigated. 
One of the physical measurements captured after each experiments was the 
apparent crater size. As expected, the sizes of the soil craters increased as the depth of the 
explosive increased. The crater depth and the slopes were significantly affected by soil 
type. The clay craters had the greatest depths and the steepest side slopes for all three 
charge positions. The sand craters had the shallowest depths and flattest side slopes. The 
two soil parameters that influenced these results were air-void content and shear strength. 
As the air-void content and shear strength increased, the crater depth decreased and side 
slopes flattened. Using the conventional weapons effects code ConWep (Hyde 2005), 
comparisons were made between the actual and predicted crater depths and diameters. 
The calculations agreed reasonably well with the experimental data, but ConWep did 
overpredict crater depths and diameters. One concern with the experiments was the 
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influence of the IMD on the crater sizes. No significant influence was indicated for a 
charge sitting on the surface. However, there were indications that the IMD had the effect 
of increasing the crater diameter for the buried charge experiments. 
The ground shock data were influenced to varying degrees by the fast-running 
propagation of the surface airblast and by reflections from the IMD impact plate and its 
support structure. The peak soil stress data did not exhibit discernable effects of backfill 
soil type, but the peak particle velocity data generally indicated higher values in the clay 
backfill, the lowest values in the dry sand backfill, and values in between for the 
intermediate silty sand backfill. This indicated that the velocities increased with 
decreasing air voids, shear strength, and compressibility. The ground shock data collected 
during these experiments were compared to past field experiments in soil types similar to 
the ones used in these experiments. The results showed similar rates of attenuation of the 
ground shock amplitude with range for both the stress and velocity. The effects of the 
near-surface explosive positions, or reduced coupling effects, were evident in the 
comparisons. Using the data from the buried experiments for all three soils, a total 
coupling factor of 0.33 was calculated for both stress and particle velocity. This compares 
to a coupling factor of 0.62 obtained from the DAHS CWE Manual for the scaled depth 
used in the experiments. The experimental data comparisons do indicate an effect of soil 
type on the coupling factor as well as the difference between coupling factors for soil 
stress and particle velocity, neither of which are included in the current design manuals.  
Three pressure gages were placed along the ground surface at three ranges to 
capture the ground surface overpressure. As expected, the ground surface overpressures 
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attenuated with range and showed a general trend of higher peak values at each range for 
the tangent surface above cases and lowest peak values for the buried charge cases.  
Three experiments were conducted in each soil type using the aboveground side-
on overpressure gage arrangement. The peak pressures from the side-on overpressure 
gages showed little effect of soil type, but the impulses showed several interesting trends. 
The peak side-on overpressure impulse values at the 21-in. range (center of the testbeds) 
from the buried charge experiments were about twice the values obtained from the 
surface charge experiments. At the 28-in. range, the sand values for peak impulse for the 
buried charge case were about three times those for the other two soil types, which in turn 
were about a third of their comparable values for the surface charge cases. At the 42-in. 
range, peak impulse values from the buried charge experiments were about half those 
from the tangent surface below experiments and about a third or more of the peak 
impulses from the tangent surface above experiments.  
The increased peak impulse directly above the charge (21-in. range) and the 
reduction in impulse at the 28- and 42-in. ranges appears to indicate a focusing effect 
above the charge. The variation in this focusing appears to be affected by soil type in that 
the clay and intermediate soil responded in a similar manner at the 28-in. range in the 
buried charge case while the sand appeared to be less influenced. This apparent focusing 
of the overpressure impulse seems to be caused by lateral confinement of the explosive 
charge, which indicates that the sand material provided less lateral confinement than did 
the intermediate and clay soils. This phenomenon was also illustrated by comparisons of 
the craters for the three different soil materials used in these experiments in that the sand 
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craters had the shallowest depths and flattest side slopes while craters for the other two 
materials were deeper and had steeper side slopes. 
A key set of data collected during the experiments was the total impulse imparted 
to the piston assembly on the IMD. Peak total impulse imparted to the IMD from the 
buried charges exceeded the peak total impulses from the tangent surface above charges 
by factors ranging from 2.8 to 4. There was no significant indication that the underlying 
soil material affected the total impulse for the tangent surface above detonations. 
However, there was an indication that the surrounding soil did affect the impulses for the 
buried charges. The total impulses for the buried charge experiments were significantly 
higher for the clay soils compared to both the sand and intermediate silty sand. For the 
case of the buried charge position, the peak total impulse from the clay testbed 
experiments were 60% and 40% higher than the peak total impulse imparted in the sand 
and silty sand testbeds, respectively.  
The experimental layout was also designed to capture airblast at key locations 
along the plate. The objective was to use these pressure time-history data to calculate the 
peak impulse from airblast only acting on the piston assembly. Once this airblast impulse 
on the plate was obtained, it was subtracted from the total impulse to calculate peak 
impulse from soil debris only. These data allowed for the comparisons and analyses of the 
two primary components that comprise the load environment, i.e., airblast and soil debris, 
which are unique data that were previously unavailable. The comparisons showed that for 
the buried charge, the sand testbed produced the highest airblast impulse that was 20% 
and 25% higher than the airblast impulses in the intermediate silty sand and clay, 
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respectively. The clay testbed produced the highest soil debris impulse that was 85% and 
345% higher than the soil debris impulses in the intermediate silty sand and sand, 
respectively. The comparisons also showed that although the airblast loading varied 
slightly in the three soils, it was the significant increase in soil debris loading that resulted 
in the large variations in total impulse in the three soils. Although the airblast and soil 
debris are both major components in the total loading, this indicates that the soil debris 
loading is what causes the significant variation in the total loading on an aboveground 
structure. This reinforces the need to understand the influence of the soil properties on the 
aboveground loading due to a shallow-buried charge. 
Comparisons were made using the as-placed testbed soil parameters for the three 
soils versus the total impulse, airblast impulse, and soil debris impulse. The different soil 
parameters were grouped into three distinct categories, i.e., soil composition, density, and 
particle size. Of the three categories investigated, soil composition and particle size 
provided the best direct correlations with increasing or decreasing impulse for the buried 
charge. The correlations reflect differences in the mechanical properties of the soils that 
can be tied to the soil air-voids content. As soil air-voids content increases, soil shear 
strength, compressibility and permeability increase.  The relationships seem to indicate 
that for shallow-buried charge detonations in a high-air-void, permeable dry sand 
material, the airblast breaks out early resulting in increased airblast impulse, reduced soil 
debris loading, and thus, reduced total impulse. In contrast, the wet clay with low 
compressibility, permeability, and shear strength produced larger craters, less 
aboveground airblast, and more energy directed towards driving clay debris particles. 
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This research program was very successful in quantifying the blast load 
environment imparted to an aboveground structure. Significant progress was made in 
understanding and evaluating the impulse loads for shallow-buried charges. Effects of 
varying soil materials and charge depth of burial were compared and presented. Several 
postulations were presented that help explain and understand the effects of soil type on 
the blast-load environments. As with most research, additional experiments of this type 
need to be conducted so that improved quantification of the effects of these variables can 
be ascertained, which in turn, will significantly improve the analysis and design of 
aboveground structures subjected to surface and near-surface detonations.  
 
Recommendations 
Based on the research documented herein and the results of comparisons and 
analyses of the data, several key recommendations for future research are apparent. 
Additional research is needed to better quantify the influence of shape, size, and 
stand-off of targets and objects above a buried charge on the true and apparent crater size. 
This should lead to improved prediction tools and post-event investigations. 
Additional research is needed to investigate and quantify ground shock coupling 
factors and crater predictions for shallow-buried or near-surface charges, i.e., for scaled 
depth of burial ranging from 0 to 1.4. This includes effects of depth of burial, soil type, 
water content, and density on above ground blast environment, soil stress and particle 
velocity versus range and on crater depth and diameter. 
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Additional research is needed to further understand, verify, and quantify the 
contributions of soil debris and airblast on the total impulse loading above a shallow-
buried charge for other explosive sizes, types, geometries, and casings 
Additional experimental research is needed that expands the knowledge of 
influences for specific soil parameters discussed and highlighted in this thesis. It was 
shown that two soil properties, soil composition and material particle size, play a 
significant role in the blast load environment above a shallow buried charge. Experiments 
are needed that focus on variations of a single parameter that was identified in this study, 
such as air voids, while holding all remaining parameters constant. By performing such a 
study it would be possible to develop a soil influence factor that accounts for the soil 
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